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Preface 



The chapters in this book are a collection of the lectures and discussion held 
during the Croucher Advanced Study Institute (ASI) workshop 2010, entitled 
Remediation of Contaminated Land — Bioavailability and Health Risk, held at the 
Hong Kong Baptist University, between December 9 and 13, 2010. 

Croucher ASI is a new funding inifiafive of fhe Croucher Foundafion cafer- 
ing fo fhe inferesfs of esfablished scienfisfs, wifh fhe main objecfive of reg- 
ularly bringing fo Hong Kong fhe leading infernafional experfs in specific 
fields fo conducf refresher programs for a limifed number of esfablished sci- 
enfisfs on highly focused scienfific topics. The workshop series also provided 
an excellenf opporfunify for young scienfisfs from Hong Kong, mainland 
China, and Soufh-Easf Asian counfries fo learn from fhe leading scienfisfs 
from fhe region and overseas. 

As a resulf, we hope fo disseminate fo fhe readers fhe knowledge exchanged 
on fhe lafesf remediafion fechnologies for pollufanf cleanup of confaminafed 
lands, fhe issues of bioavailabilify of chemicals, and fheir associated human 
risks. 

This book covers fhe fimely scienfific research of 22 disfinguished, leading 
experfs, specializing on differenf aspecfs relevanf fo fhe fopic. 

I would like fo fake fhis opporfunify fo express my sincere fhanks fo Dr. 
Ji Dong Gu of Hong Kong Universify for co-organizing fhis workshop, fhe 
aufhors for fheir confribufion, and fhe Croucher Foundafion for fheir con- 
finued supporf, and lasf buf nof leasf, fo Sue Fung for her experf editorial 
assisfance. 
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Environmental Contamination 



Introduction 

The major objective of this chapter is to provide basic background on the topic, 
that is, "environmental contamination, health risks, bioavailability, and eco- 
logical remediation." Basic background on environmental pollution of public 
concern by listing some known cases of major environmental disasters around 
the world since the 1940s. This is followed by some examples of environmen- 
tal degradation in our region, the Pearl River Delta (PRD), which has under- 
gone rapid socioeconomic development during the past 30 years, leading to 
excessive levels of contaminants in crops and fish produced, and consequently, 
suspected to be associated with some of the health problems observed in the 
region, such as high mercury (Hg) and lead (Pb) levels in autistic children. We 
need to fully understand the sources, fates, and effects of these environmental 
contaminants, in order to avoid their entry into our food production systems 
and minimize the chance of these contaminants transforming to more toxic 
forms, for example, from inorganic Hg to organic form. 

There are different types of environmental contaminants, including heavy 
metals, persistent organic pollutants (POPs), and emerging chemicals of con- 
cern. The latter is a moving target, especially because a large amount of chem- 
icals have not been fully tested for their toxicity before placing them on the 
market, and eventually adverse environmental and health effects are revealed. 
One of the very good examples is flame retardants, which has become a 
global contaminant after DDT and PCB, due to their endocrine-disruptive 
nature. In the PRD, recycling of electronic waste (e-waste) imported from the 
United States, Japan, and European Communities by taking advantage of less 
stringent environmental regulations and cheaper labor cost aggravated the 
regional environmental and health problems. Ecological restoration based on 
bioremediation and phytoremediation of these contaminated sites would be 
necessary to clean up these sites, especially if they will be allocated for other 
usages, after the industries have been moved to other regions. 

Twenty-two chapters in total are included in this book, addressing dif- 
ferent topics related to environmental contamination, health risks, and eco- 
logical restoration. They are listed under four major parts: Part I: Health 
Impacts and Risk Assessment (5 chapters). Part II: Emerging Chemicals and 
Electronic Waste (5 chapters). Part III: Ecological Restoration of Contaminated 
Sites: Bioremediation (5 chapters), and Part IV: Ecological Restoration of 
Contaminated Sites: Phytoremediation (6 chapters). 



Environmental Pollution of Public Concern: Some Examples 

Population growth, urbanization, and industrialization have contributed to 
the emission of different pollutants into different ecological compartments. 
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that is, air, water, and soil. Environmental pollution drew public concern 
in industrialized countries in early years, for example, the great smog in 
London in 1952 that killed at least 4000 people (Bell et al. 2004); the Superfund 
esfablished by USEPA in 1978 due fo long-ferm confaminafion of Love Canal 
(nofably confaminafion by dioxins) since 1947 (USEPA 1996); fhe radioacfive 
confaminafion associafed wifh disposal of nuclear wasfe fhroughouf fhe 
1950s and 1960s in Lake Karachay, fhe accidenfs fhaf occurred in fhe nuclear 
power plan! af Chelyabinsk, USSR, in 1957, and also fhe nuclear accidenf af 
fhe Chernobyl nuclear plan! in Ukraine, 1986 (Williams 2002); fhe overuse 
and abuse of organochlorine pesficides in fhe 1950s and 1960s, leading fo fhe 
significanf loss of biodiversify, nofably carnivorous birds (Carson 1962); mer- 
cury poisoning of residenfs and fheir offspring in Minamafa Bay (a fishing 
village) in Japan, due fo consumpfion of seafood confaining very high con- 
cenfrafions of mefhyl mercury during fhe mid- fo lafe 1950s (Walker 2010); 
and PCB dumping (from discharges of paper mills) in Hudson Bay during 
1954-1971 led fo fhe ban of consumpfion of fish caughf in fhe area in 1980 
(NYSDEC 2011). 

Wifh fhe recenf socioeconomic developmenf, bofh in speed and scale, in 
some developing counfries, such as China, wifh less sfringenf environmenfal 
regulafions, if is evidenf fhaf differenf indusfrial acfivifies have given rise fo 
fremendous environmenfal degradafion (affecfing air, wafer, and land) and 
severe healfh problems. China confribufed 22% of fhe global emissions of 
greenhouse gases (Nersesian 2010). Environmenfal pollufion has rendered 
cancer fhe major cause of deafh in 30 cifies and 78 counfies in China, accord- 
ing fo fhe Minisfry of Healfh (China Daily 2007). Eurfhermore, lead poison- 
ing is prevalenf in China, wifh one-fhird of children suffering from elevafed 
blood lead levels (New York Times 2011). This is relafed fo differenf indus- 
frial emissions confaining lead, for example, manufacfuring of lead-acid baf- 
feries for cars and elecfric bikes, and mining and smelfing of lead. 



Deterioration of Environmental Quality due to Rapid 
Socioeconomic Development in the Pearl River Delta 

Increasing amounts of toxic chemicals are discharged into our environment 
via different anthropogenic activities, which impose adverse impacts on 
biota and human beings. This is especially true in regions such as the PRD in 
South China, one of the regions in China that has undergone rapid industri- 
alization and urbanization without due regard for environmental protection, 
in the past two decades. As a consequence, serious environmental problems 
have arisen including, (1) Air: power plants, cement plants, factories, and 
vehicles are the major sources of air pollutants. The high demand for electric 
power due to export activities has given rise to the increased use of coal. 
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which aggravated the acid rain problem (due to sulfur), in addition to the 
emission of ofher pollufanfs such as Hg. (2) Solid wasfe/land: Huge amounfs 
of wasfes have been generafed, wifhouf efficienf wasfe management resulf- 
ing in severe land confaminafion and derelicfion, especially fhose caused 
by mining acfivifies. (3) Wafer: Only 16% of sewage is freafed in Guangdong 
Province, compared wifh ofher provinces, for example, 62% in Shanghai and 
42% in Jiangsu (Ng 2003). 

Moreover, fhe PRD has become fhe power house of modern appliances, 
producing elecfrical and elecfronic producfs, fexfiles, furnifure, shoes, and 
so on, emiffing a large amounf of POPs and emerging chemicals of concern 
(such as flame refardanfs, bisphenol A [BPA]). There is also an urgenf need fo 
manage fhe illegal imporf of e-wasfe from ofher counfries as well as fhe ever- 
rising amounf of e-wasfe generafed domesfically. The harmful subsfances 
emiffed during unconfrolled recycling of e-wasfe (nofably open burning) 
have imposed serious adverse effecfs on fhe environmenf and fhe healfh of 
workers and residenfs of e-wasfe recycling sifes, which is evidenced from fhe 
rising morbidify of major diseases, such as respiratory and cardiovascular 
diseases and malignanf fumors (Wong ef al. 2007). 



Soil Pollution Affecting Crops Grown in the Region 

Because of fhe favorable weafher, ferfile soil, and abundanf wafer resources, 
PRD has served as "homeland for crops and fish" in fhe pasf. However, fhe 
environmenfal qualify of our region has deteriorated due fo recenf rapid 
socioeconomic changes indicated earlier. As a consequence, domesfic and 
indusfrial discharges confaining nufrienfs, heavy mefals, pesficides, PAHs, 
and oil are prevalenf in freshwater and coasfal marine wafer in fhe region. 
These led fo euf rophicafion and formaf ion of algal bloom and red fides, deple- 
fion of oxygen and confaminafion of wafer, as well as soil erosion, deplefion 
of soil ferfilify, and confaminafion of soil (Wong and Wong 2004). 

Heavy mefals are released from differenf indusfries, for example, elecfro- 
plafing factories and leafher fanneries, buf mining and smelfing acfivifies 
are fhe major sources of fhese foxic mefals defected in farm soils. In addifion, 
overuse of agrochemicals and phosphafe ferfilizers in farm soils fhaf confain 
differenf heavy mefals, nofably Cd, is also a major concern. Leachafe gener- 
afed from wasfe landfills also confained a wide range of foxic chemicals, 
heavy mefals, as well as POPs. 

Bofh illegal use of fechnical DDTs and fhe use of dicofol confaining DDTs 
(as impurifies) are also a major fresh inpuf of DDTs in soils (and crops) in 
fhe PRD (Li ef al. 2006). This is mainly due fo fhe facf fhaf China had pro- 
duced and used DDT in fhe pasf, resulfing in high background levels in 
soils. In addifion, DDT has been exempted fo be used for vecfor confrol in 
China (alfhough agriculfural applicafion has been nonexisfenf since 1983). If 
is also expecfed fhaf fhe illegal use of fechnical DDTs and fhe use of dicofol. 
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an approved pesticide that contains DDT as impurities, are sources of fresh 
inpuf info differenf ecological comparfmenfs (Wong ef al. 2005). 

Soils in fhe PRD are grossly confaminafed by heavy mefals, such as Cu, 
Zn, Ni, and especially Pb, Cd, Hg, wifh concenfrafions higher fhan fhe back- 
ground level of Guangdong Province, wifh abouf 30% of soil examined hav- 
ing more Hg fhan fhe counfry's Grade II sfandard (Gai ef al. 2008). Elevafion 
of bofh Gd and Pb in crops and farm soils in PRD was observed in fhe region, 
as a resulf of fhe environmenfal release of heavy mefals and fhe use of agro- 
chemicals (Wong ef al. 2006). 

Pesficide residues (including residuals of DDTs, HGHs, and dieldrin) are 
frequenfly defecfed in grains, grapes, vegefables, fruifs, fea, and medicinal 
herbs fhroughouf Ghina. A survey showed fhaf 41 ouf of 81 vegefable sam- 
ples collecfed from vegefable and fruif markefs confained pesficide residu- 
als, wifh fhe residuals in leek and cabbage exceeding fhe nafional sfandard 
of Ghina by 80% and 60%, respecfively (Zhang ef al. 2011). In addifion, if has 
been observed fhaf bofh soils and vegefables produced in PRD, using wasfe- 
wafer for irrigafion, were confaminafed wifh phfhalic acid esfers (PAEs), 
which are widely used in fhe plasfic producfion indusfry in fhe region 
(Zhang ef al. 2009). 



Water Pollution Affecting Aquaculture Products Produced in the Region 

It has been shown that major species of freshwater fish and marine fish avail- 
able in local markets (Gheung ef al. 2007: DDTs and PAHs, Gheung ef al. 2008: 
PBDEs) were grossly contaminated. Attempts were subsequently made to 
trace the sources of these pollutants, which were detected in fish cultivated 
in the region. Results indicated that the organic matter consisting of fecal 
materials from the cultivated fish and unconsumed fish feeds, deposited at 
the seabed underneath fish cages, and the trash fish used as fish feeds were 
potential sources of these pollutants entering into the cultivated fish (Leung 
ef al. 2010: DDTs, Wang ef al. 2010a,b: PAHs, Liang ef al. 2011 and Shao ef al. 
2011: Hg, Wang ef al. 2011: PGBS). This is especially true for Hg, and pos- 
sibly for most of these POPs, where bioaccumulation and biomagnification 
are commonly observed along aquatic food chains with very high concentra- 
tions of these toxic chemicals present in organisms of higher trophic levels, 
including carnivorous fish such as grouper cultured in the region given a 
high market demand (Gheng ef al. 2011). 



Environmental Pollutants, Food Intake, and Human Health 

It is commonly known that the major food sources for Hong Kong residents 
are imported from the PRD and other parts of Ghina, which are often con- 
taminated with undesirable chemicals. A health risk assessment conducted 
based on recent published data has revealed that the daily intake of DDTs 
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may pose health threat to local residents in the coastal regions of China, as 
the EDI of DDTs (33.39 ng/kg, body weighf per day) by residenfs of Soufh 
China fhrough consumpfion of seafood in Soufh China well exceeded fhe 
accepfable limif (20 ng/kg, body weighf per day) imposed by FAO/WHO 
(Yafawara ef al. 2009). 

Qin ef al. (2011) examined some major food ifems available in Hong Kong 
and revealed fhaf food maferials such as goose liver and chicken skin, which 
confained more faf, had fhe highesf levels of POPs, as mosf of fhe POPs are 
lipophilic and fend fo sfore in adipose fissues. An early invesfigafion indi- 
cafed fhaf higher concenfrafions of DDTs and PCBs were defecfed in human 
milk samples collecfed from Guangzhou and Hong Kong, and significanf 
correlafions were found fo exisf befween fhe age of donors and fhe frequency 
of fheir fish consumpfion (Wong ef al. 2002). 

Wifh assisfance from fhe Red Cross (Hong Kong), blood samples were 
collecfed from fhe general public, and if was nofed fhaf fhe concenfrafions 
of fluorene (a congener of PAHs), pp-DDE, pp-DDT, DDT, PCB126, As, and 
Hg were significanfly correlafed wifh fhe frequency of seafood consump- 
fion (Qin ef al. 2010). There seems fo be a lack of informafion relafed fo how 
environmenfal confaminanfs cause disease incidence, as fhis may nof be a 
sfraighfforward exposure-oufcome paradigm. Neverfheless, if has been 
shown fhaf fhe concenfrafions of cerfain POPs (DDTs, PAHs) and heavy 
mefal/mefalloid (Hg, Pb, As) in adipose fissues of pafienfs wifh uferine leio- 
myomas were closely linked wifh seafood dief, BMI, and age (Qin ef al. 2010). 



Sources, Fates, and Effects of Toxic Chemicals 

When monitoring a toxic chemical, it is essential to identify the sources, trace 
its fates in different ecological compartments, and assess its effects on biota 
and human beings. An excellent example to illustrate the sources, fates, and 
effects of toxic chemicals would be the mercury poisoning case mentioned 
earlier. The Chisso factory at Minamata Bay produced a large amount of 
acetaldehyde, using mercury sulfate as a catalyst, which was discharged into 
Minamata Bay from the factory between 1932 and 1968 (Walker 2010). Methyl 
mercury, an organic mercury compound, is formed through methylation of 
the metallic mercury in the sediment by bacteria. Methyl mercury can be 
efficiently bioaccumulated (stored in lipids) in aquatic animals (i.e., shrimps, 
fish) and biomagnified in food chains, leading to extremely high concen- 
trations in carnivorous fish. Adverse effects were first observed in cats and 
birds around the region and later on noticeable symptoms were observed in 
hundreds of people who had high mercury levels, greater than 50 ppm, in 
their hair (with an extreme case of 920 ppm) (Walker 2010). It is, therefore, 
extremely important to inhibit the entry of environmental contaminants into 
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our food production systems (e.g., crop growth and fish culture) and also to 
avoid the chance for these contaminants transforming into more toxic forms. 



Different Types of Environmental Pollutants 
Heavy Metals 

Heavy metals are naturally occurring in the environment. However, human 
activities have greatly altered their biochemical and geochemical cycles, 
and their balance in the nature. They are mainly emitted through industrial 
activities, such as fuel combustion (diffusion point sources, e.g., from traf- 
fic), mineral extraction, and metal smelting (industrial point sources). This 
is especially true as China is full of mineral resources. China is the largest 
producer of coal and also possesses ample reserves of tungsten, tin, stibium, 
zinc, titanium, tantalum, thallium, lead, nickel, mercury, molybdenum, nio- 
bium, and aluminum (State Statistical Bureau 1998). Mining of these reserves 
has given rise to the large-scale destruction of land surface leading to soil 
erosion and emissions of heavy metals into the immediate environment, 
enhancing their entry into food production systems, for example, crop and 
fish cultivation. 

Environmental contamination and exposure (through oral intake, inha- 
lation, and dermal contact) to heavy metals has become a serious public 
health concern worldwide. Some of the heavy metalloid/metals, for example, 
arsenic (As), cadmium (Cd), mercury (Hg), and lead (Pb) are highly toxic, and 
they have become topical issues since the mid-1970s. In fact, the Priority List 
of the "Top 20 Hazardous Substances" included As (first place), Pb (second 
place), Hg (third place), and Cd (seventh place), a list released by the Agency 
for Toxic Substances and Disease Registry (ATSDR). Some of these heavy 
metal elements such as Cu and Ni are needed in trace amounts in biota, 
including humans, but would become toxic under high concentrations. Most 
others are toxic or carcinogenic, imposing adverse effects on different sys- 
tems: As, Hg, and Pb on central nervous system; Cd, Hg, and Pb on kidneys 
or liver; and Cd, Cu, Cr, and Ni on skin, bones, and teeth (ATSDR 2001). 



Persistent Organic Pollutants 
Stockholm Convention POPs 

The original list of the 12 POPs listed in The Stockholm Convention on POPs 
included 7 chlorinated hydrocarbon pesticides (aldrin, chlordane, DDT, diel- 
drin, endrin, heptachlor, hexachlorobenzene, mirex, toxaphene), 2 industrial 
chemicals (PCB and hexachlorobenzene), and 2 unintended byproducts 
(dioxins and furans), and 10 chemicals have been included in the control 
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list recently, which included some flame retardants (such as polybrominated 
diphenyl ethers, PBDEs) and pesticides (such as lindane) (Secretariat of the 
Stockholm Convention 2009). The 172 countries that signed the legally bind- 
ing treaty have to prepare their national plan to ensure reduction or elimina- 
tion of fhese chemicals in fhe environmenf. 

There is sufflcienf informafion relafed fo fhe sources, fafes, and effecfs 
of fhese chemicals, nofably pesficides such as DDT (Wong ef al. 2005), and 
dioxins/furans (Zhang ef al. 2011). Basically, fhese POPs share four common 
characferisfics. (1) They are highly persisfenf and resisf biological, chemical, 
and phofolyfic degradafion. (2) Being faf soluble (lipid seeking), fhey can be 
efflcienfly sfored in faffy fissues of living organisms, and some of fhem can 
be biomagnifled in food chains, resulfing in exfremely high concenfrafions in 
fop carnivores such as funa, sword fish, and shark. (3) They are highly foxic, 
causing adverse healfh effecfs by disrupfing normal developmenfal funcfions 
(serving as endocrine disrupfors), and lowering immunify, leading fo lower 
reproducfive success, especially in some more sensifive living organisms 
(and hence lowering biological diversify). (4) Due fo fheir semivolafile nafure, 
fhey can be fransporfed long disfance fhrough air and wafer, resulfing in 
high concenfrafions of body loadings of some of fhese chemicals (DDT and 
PCBs) in animals (polar bear) and residenfs (Eskimos) (Whylie ef al. 2003). 

Flame Retardants 

PBDEs are added info daily producfs (e.g., furnifure, carpels, clofhes, elec- 
frical, and elecfronic producfs) fo slow down burning process and, fhus, fo 
save human life. Due fo fhe facf fhaf PBDEs are nof chemically bound fo fhe 
producfs, fhey can be leached info fhe environmenf easily. Human beings are 
exposed fo low levels of PBDEs fhrough oral consumpfion of confaminafed 
food and inhalafion; even from indoor household ifems. This has become a 
more recenf public healfh concern, as PBDEs have fhe same persisfenf and 
bioaccumulafive and endocrine-disrupfive properfies as ofher POPs (Harley 
ef al. 2010). 

Polycyclic Aromatic Hydrocarbons 

Alfhough nof included in fhe lisf, polycyclic aromafic hydrocarbons (PAHs) 
are one of fhe mosf widespread air pollufanfs, mainly derived from fuel and 
biomass (such as crop residues) combusfion. They are also found in cooked 
food (especially meaf cooked under high femperafure, and smoked fish). 
Some of fhese compounds, in parficular benzo(a)pyrene, are carcinogenic, 
ferafogenic, and mufagenic, hence causing adverse healfh effecfs (Luch 2005). 

Emerging Chemicals of Concern 

The ferm "emerging chemicals" is indeed a moving fargef . A very good exam- 
ple is polybrominafed diphenyl efhers (PBDEs), which have been recenfly 
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included in the Stockholm Convention's list of chemicals given the increasing 
evidence presented in recent research works that shows their adverse effects 
on the environment and human health. Like PBDEs, there are other chemicals 
that have not been tested fully concerning fheir long-ferm ecofoxicological, 
biological, and human healfh effecfs before launching fhe producfs confain- 
ing fhese chemicals info markefs. Lisfed in fhe following are some of fhe com- 
mon emerging chemicals fhaf have received increasing public affenfion. 



Bisphenol A 

Bisphenol A is used as an infermediafe in fhe producfion of polycarbonafe 
plasfics and epoxy resins and is widely used in all daily producfs such as 
digifal media (such as CDs, DVDs), elecfronic equipmenf, automobiles, con- 
sfrucfion materials, plasfic boffles (including baby bottles), children's toy, 
food sforage confainers, and so on. Epoxy resins are also applied as inferna- 
fional coaling for cans fhaf profecfs food and drink from direcf confacf wifh 
mefals. There is a genuine concern abouf fhe endocrine effecfs of BPA on 
humans, based on animal dafa. Given fhe facf fhaf Soufh China has become a 
power house for manufacfuring elecfronic equipmenf and ofher daily appli- 
ances confaining BPA, fheir possible release of foxic maferials info fhe envi- 
ronmenf should nof be overlooked (Huang ef al. 2011). 



Phthalates 

Phfhalafes are added to plasfics fo sfrengfhen fheir flexibilify, fransparency, 
and durabilify, in a number of producfs, such as coalings of pharmaceufi- 
cal pills and nufrifional supplemenfs, and sfabilizers, dispersanfs, lubricanfs, 
and adhesives in various indusfrial usages. The concern for human upfake 
is mainly derived from ifs use in food packaging and processing (such as 
gloves used in food handling). If is known fhaf phfhalafes interfere wifh 
androgen producfion and fhereby affecf male reproducfion (Lomenick ef al. 
2009). If is exfremely alarming fo find ouf fhaf phfhalafes have been added 
fo drinks and syrups (used in drugs) as cloudy agenfs illegally (May 2011) 
instead of edible oil for 30-40 years in Taiwan, which may link fo fhe finding 
fhaf Taiwan is one of fhe regions in fhe world wifh a very low birfhrafe (8.9 
birfhs/1000, 2010 esfimafion) (Cenfral Intelligence Agency 2011). 



Pharmaceuticals and Personal Care Products 

This group of chemicals includes more fhan 3000 differenf chemicals used 
as medicines (painkillers, anfibiofics, confracepfives, lipid regulators, fran- 
quilizers, impotence drugs) and personal care producfs (denfal care and hair 
care producfs, soaps, sunscreen lofions, efc.) (Ternes ef al. 2004), wifh anfi- 
biofics being fhe largesf single group of drugs fraded in developing coun- 
fries (WHO 2001). In general, municipal sewage is fhe major source of mosf 
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pharmaceuticals and personal care products (PPCPs), except antibiotics, 
which are mainly derived from farming and aquaculfure. 

There is a lack of informafion on fhe harmful effecfs of PPCPs, excepf some 
sfandard acufe foxicify dafa reporfed by some pharmaceuficals. However, 
fhere is sufficienf evidence showing fhe adverse healfh effecfs arising from 
overuse and abuse of some anfibiofics, especially fhose fhaf are illegally 
used (e.g., fefracycline) for bofh humans and animals (in farming livesfock 
and fish) in some regions, including Soufh China (Wei ef al. 2010). If is also 
known fhaf high concenfrafions of cerfain anfibiofics would alfer microbial 
communify sfrucfure, which would fhen affecf componenfs of higher food 
web, imposing genofoxicify (Richardson ef al. 2005). 



Mixed Pollutants: Toxic Chemicals Emitted via Open Burning of E-Waste 

E-wasfe confains valuable producfs, in parficular precious mefals such as 
gold, silver, and plafinum, wifh a relafively high markef value once isolafed 
from fhe wasfe. However, if also confains a wide range of chemicals such 
as lead, chromium, flame refardanfs, and so on, which are exfremely haz- 
ardous. Some of fhe primifive fechniques used in recycling of e-wasfe will 
enhance fhe release of foxic chemicals, and especially in more foxic forms 
(wifh high bioavailabilify), fo living organisms inhabifing fhe e-wasfe recy- 
cling sife (Wong ef al. 2007). 

Among differenf primifive fechniques used in recycling e-wasfe, open 
burning of maferials derived from e-wasfe fhaf are nof of economic value 
(plashes, prinfed circuif boards, efc.) and cable wires fo exfracf copper is 
mosf desfruefive fo fhe environmenf and human healfh, as some subsfances 
confained in e-wasfe will give rise fo incomplefe combusfion. Prinfed circuif 
boards are also baked on open fire in semienclosed workshops by workers 
wifhouf wearing any healfh profeefion. The foxic fumes such as dioxins pro- 
duced from burning (especially maferials fhaf confain PVC) under relafively 
low femperafure would be a major healfh concern of fhese workers. In addi- 
fion, acid fripping of prinfed circuif boards fo collecf precious mefals also 
produce wasfe maferials and effluenfs wifh high acidify and heavy mefals 
(wifh high bioavailabilify under exfremely acidic condifions) fhaf are dis- 
posed along river banks (Leung ef al. 2007). 

Exfremely high concenfrafions of brominafed flame refardanfs (PBDEs), 
dioxins/furans (PCDD/Es), PAHs, and Pb were defeefed in differenf ecologi- 
cal comparfmenfs, fhaf is, air, soil/sedimenf, wafer, and biofa. Healfh risk 
assessmenfs based on bioassay foxicify fesfs esfimafed fhe daily infake of 
confaminanfs fhrough food consumpfion survey and food baskef analysis, 
fhe acfual body loadings (human fissues such as milk, placenfa, and hair) 
of workers engaged in e-wasfe recycling and local residenfs, and fhe epide- 
miological dafa provided by fhe local hospifal (from Taizhou, one of fhe fwo 
major e-wasfe recycling sifes in China), all of which indicafed fhe defrimen- 
fal effecfs of unconfrolled e-wasfe recycling (Wong ef al. 2007). 
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In addition to the huge expenditure in treating and curing the workers 
and local residents who have suffered from acufe and chronic foxicify due 
fo fheir immediafe environmenf, remediafion of fhe confaminafed sifes wifh 
mixed pollufanfs will be exfremely difficulf. 



The Need to Remediate Contaminated Sites 

It is recognized that mineral exploitation including (1) metals, (2) industrial 
minerals (such as lime or soda ash), (3) construction materials, and (4) energy 
minerals (i.e., coal, natural gas, oil, etc.) has been a major cause of land dam- 
age in China, imposing adverse effects on the local ecosystems and inhab- 
itants (including human beings), and through the release of heavy metals 
and organic pollutants (notably oil), underground and nearby farmland and 
fishponds will also be affected (Wong and Bradshaw 2002a). Other industrial 
activities such as air emissions from power plants and incinerators, uncon- 
trolled discharges of different types of industrial effluents, and the use of 
contaminated irrigation water are potential sources of soil pollution. 

Remediation of sites contaminated with different environmental pollut- 
ants, including heavy metal/metalloids (such as Cu, Pb, and Zn) and POPs 
(such as PAHs and DDT), is essential to avoid spreading of pollutants that 
may have adverse impacts on plants, animals, and human beings and restore 
the ecosystems by establishing soil and associated plant, animal, and micro- 
bial communities (Wong and Bradshaw 2002b). 



Bioremediation of Contaminated Sites 

Bioremediation refers to the use of microbes (i.e., bacteria and fungi) for 
degrading POPs (such as PAHs and DDT), and it has become an effective 
and low-cost technology for cleaning up sites contaminated by these organic 
contaminants. This can be achieved by isolating and subsequently enhanc- 
ing the growth of indigenous microbes through provision of nutrients, 
carbon sources, or electron donors, either in situ (e.g., bioventing, biosparg- 
ing, biostimulation, and some composting methods) or ex situ (e.g., bioreac- 
tors, biofilters, land farming, and some composting methods). The former 
is more attractive because it requires less equipment and is therefore more 
cost-effective, and causes less disturbance to the immediate environment 
(Diaz 2008). 



Phytoremediation of Contaminated Sites 

Phytoremediation is an emerging green technology that involves the use of 
green plants to decontaminate different pollutants from soils/waters. For 
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soils/waters contaminated by heavy metals, (1) heavy metal tolerance plants 
(which avoid taking up toxic metals into their tissues) are used to stabilize 
(phytostabilization) the contaminated sites containing high levels of heavy 
metals such as Pb and Zn; (2) heavy metal hyperaccumulating plants (which 
are able to absorb and translocate toxic metals from roofs info fheir upper- 
ground fissues) are used fo remove (phyfoexfracfion) a subsfanfial amounf 
of foxic mefals from fhe sifes, upon harvesf; and (3) wefland planfs (such as 
Typha sp. and Phragmites sp.) are used fo remove foxic mefals from wasfewa- 
fers by precipifafing foxic mefals in fhe rhizosphere soils (Wong 2003). 

In ferms of freafing sifes confaminafed by organic confaminanfs (such as 
DDT and PAHs), mefhods used in phyforemediafion include (1) phyfodeg- 
radafion, which relies on fhe infernal and exfernal mefabolic processes of 
planfs fo break down organic confaminanfs; (2) rhizodegradafion is fhe use 
of microbes associafed wifh rhizosphere soils fo degrade soil confaminanfs, 
and fhe process could be enhanced by cerfain planfs fhaf acfivafe microbial 
acfivify; and (3) phyfovolafilizafion refers fo fhe upfake of organic confami- 
nanfs fhaf are soluble in wafer and fheir subsequenf release info fhe afmo- 
sphere fhrough franspirafion by planfs (Alkorfa and Garbisu 2001). 



Issues Addressed in This Book 
Health Impacts and Risk Assessment 

In Part I, "Health Impacts and Risk Assessment," there are five chapters 
that further illustrate different timely topics in depth. Chapter 2 is aimed 
at reviewing the current environmental problems in the PRD region, which 
may link with health impacts encountered in Hong Kong, and calling for 
health care reform in the region by adopting more effective management, 
based on dietary modification, nutrition supplementation, and detoxification 
of contaminants accumulated in our bodies. The investigation presented in 
Chapter 3 is based on the data concerning autistic children collected from 
Mainland and Hong Kong, demonstrating the close association between 
environmental heavy metal poisoning and the development of autism. 
Unfortunately, there seems to be a continuous rise on the number of cases dis- 
closed in South China. The risk and potential effects of endocrine-disruptive 
contaminants to the reproductive and developmental health are reviewed 
in Chapter 4. Some of these POPs (such as DDTs, PBDEs, and PFOA/PFOS) 
share similar structure and behavior with our hormones and, therefore, can 
adversely affect our normal physiology and development. Chapter 5 assesses 
health risks from arsenic (As) intake by residents in Cambodia, by analyzing 
As concentrations in the underground water, which has been used as drink- 
ing water by local residents, and in the hair samples of local residents with 
the prevalence of arsenicosis. Chapter 6 is an excellent example to indicate 
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the need for a more pragmatic approach for health risk assessment, as part of 
an overall effective management strategy of potential toxic mine waste stor- 
age facility such as bauxite storage facility 



Emerging Chemicals and E-Waste 

There are five chapters in Part II. In Chapter 7, an attempt has been made 
to review the removal efficiencies of some emerging chemicals in publicly 
owned sewage treatment works. However, these sewage treatment works 
were originally designed to treat organic materials (by aerobic and anaerobic 
decomposition) contained in domestic sewage, and are not adequate for treat- 
ing emerging chemicals of concern, such as antibiotics and PPCPS. There is 
a danger of these pollutants entering into food chains via the discharge of 
sewage outfalls. Chapter 8 outlines the sources, trends, and adverse health 
effects of flame retardants used in China. The stringent fire regulations in 
North America and European Communities resulted in the use of a large 
amount of flame retardants in these regions. It is, therefore, timely to review 
the situation in China, which has witnessed a rapid industrial development 
in the past 10 years. Chapter 9 demonstrates the adverse health problems 
of children residing in Guiyu (Guangdong Province), the mega e-waste 
recycling site in Ghina, based on their manganese levels in blood and renal 
tubular dysfunction. Ghapter 10 describes the health risks associated with 
uncontrolled recycling of e-waste according to the studies conducted in 
Guiyu as well as another important e-waste recycling location (recycling a 
large number of obsolete transformers), Taizhou (Zhejiang Province), and 
reviewed the effectiveness of existing regulations in controlling the problem, 
that is, transboundary movement of e-waste and toxic substances contained 
in electronic and electrical equipment. Ghapter 11 provides an overview on 
the problems faced in most countries and possible decision-making support 
tools for managing e-waste. 



Ecological Restoration of Contaminated Sites 

Part III, "Ecological Restoration of Gontaminated Sites: Bioremediation," 
contains five chapters. Ghapter 12 illustrates the potential of As biometh- 
ylation as a cost-effective and feasible method for bioremediation of sites 
contaminated by As, which is prevalent in several Asian countries/regions. 
Euture research on field applications along this line should be encouraged 
as most studies on As biomethylation are limited to laboratory settings. 
Ghapter 13 examines the mechanisms of homeostasis of copper (Gu), an 
important trace element, which is essential for living organisms, but can 
be toxic under high concentrations. A detailed account is given to copper 
homeostasis mechanisms, which includes responses to deficiency as well 
as toxic excess. Similarly, Ghapter 14 focuses on another important element, 
selenium (Se), which is an essential nutrient for living organisms, but is toxic 




14 



Environmental Contamination 



at excessive levels. It deals with the current understanding of the genetic 
and biochemical mechanism that controls Se tolerance and accumulation in 
plants. Chapter 15 provides a comprehensive review on the occurrence and 
fate of phfhalafe esfers in differenf ecological comparfmenfs, wifh emphasis 
on ifs microbial fransformafion, which includes aerobic as well as anaerobic 
degradafion. Chapfer 16 describes fhe foxicify and biological degradafion of 
mixed confaminafion: PAHs and toxic mefals (such as Cd, Cu, Ni, and Pb) 
fhaf are commonly encounfered af manufacfured gas planfs (MGP) sifes. If 
highlighfs fhe imporfance of isolafing and characterizing suifable microbes 
fhaf are capable of defoxifying bofh organic confaminanfs and toxic mefals 
and fheir survival and efficiency under field condifions. 

There are six chapfers in Parf IV, "Ecological Resforafion of Confaminafed 
Sifes: Phyforemediafion." Chapfer 17 also deals wifh fhe same problem 
observed in mangrove sifes fhaf are confaminafed by bofh PAHs and heavy 
mefals. The major aim of fhis invesfigafion is fo screen mosf suifable man- 
grove plan! species based on fheir sfrucfural modificafions in roofs and 
physiological and biochemical changes in differenf planf fissues for restoring 
fhese sifes. Chapfer 18 describes fhe origin of paddy fields in urbanized areas 
of Yangfze River Delfa and fheir pofenfial funcfion in phyforemediafion of 
confaminanfs, which is imporfanf fo ensure susfainable developmenf by 
provision of food securify and environmenfal safefy in fhe region. Chapfer 
19 furfher focuses on fhe use of consfrucfed weflands for flood prevenfion 
and pollufion confrol, by infroducing fhe concepf of Infegrafed Urban Wafer 
Managemenf (lUWM). Elevated levels of As are commonly found in mine 
failings derived from exfracfion of gold. Chapfer 20 highlighfs fhe successful 
applicafion of phyfosfabilizafion in fhe Vicforian Coldfields of soufheasfern 
Ausfralia, by means of planfs fhaf are As foleranf wifh low As accumula- 
fion (four species of Eucalyptus and some nafive grass species), for firewood 
producfion, exfracfion of cineole {Eucalyptus oil), and a droughf-resisfanf and 
low-mainfenance pasfure. Chapfer 21 also provides a successful case for sfa- 
bilizing As-confaminafed sifes in Korea, using sfabilizing agenfs, including 
cemenf, pozzolans, lime, iron(hydr)oxide, and fly ash, in order fo reduce fhe 
mobilify and foxicify of As. Chapfer 22 deals wifh fhe resforafion of brown- 
field sifes in norfhwesf England, by focusing on fhe imporfance of reducing 
bioavailabilify of As, Cd, Cu, Ni, and Zn by applying green waste composf 
and phosphafe, in terms of phyforemediafion and/or nafural affenuafion for 
risk assessmenf. 



Conclusion 

Being one of fhe world's mega river delfas, fhe PRD has been fhe mosf impor- 
fanf homeland for supplying fish, meaf, and vegefables fo Hong Kong due fo 
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its abundant water resource and fertile soil. Unfortunately, due to its rapid 
urbanization, population growth and industrial development, the area is 
grossly contaminated by overuse and abuse of pesficides, ferfilizers, and 
anfibiofics, fhreafening food securify and safefy in fhe region. 

In addifion, fhe area has become an imporfanf sector for manufacfuring 
elecfronic and elecfrical equipmenf and ofher daily appliances, which may 
release a large amounf of emerging chemicals (such as flame refardanfs) info 
fhe environmenf. Unconfrolled recycling of e-wasfe, bofh imporfed from 
ofher counfries and generated domesfically, also presented addifional prob- 
lems, which called for infernafional cooperafion. In fime, each counfry has to 
deal wifh ifs problem wifh environmenfal pollufion due to increase of envi- 
ronmenfal awareness, improved living sfandard, and fighfened environmen- 
fal regulafions, especially pressing are fhose governing imporf of e-wasfe. 

There seems to be an urgenf need to safeguard environmenfal qualify and 
human healfh, by remediafing fhe confaminafed sites, using cosf-effecf ive and 
green technology, especially after some of fhe indusfries are moved oufside 
fhe PRD; a recenf governmenf policy was imposed addressing fhe problem. 
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Introduction: Background on Toxic Chemicals 
in the Pearl River Delta Region 

On behalf of fhe Hong Kong governmenf, a consulf ing company conducfed a 
sfudy of toxic chemicals pollution in Hong Kong (CH2M-IDC 2003). The major 
aim of fhe sfudy was to idenfify and characterize foxic chemicals of pofenfial 
concern to Hong Kong and fheir ecological and incremenfal human healfh 
risk assessmenfs. Among fhe preliminary Priorify Toxic Subsfance Lisf of 135 
chemicals, fwo organic compounds (DDD and DDE) and one mefalloid (inor- 
ganic arsenic) were idenfified as chemicals of pofenfial concern, based on fhe 
human healfh risk assessmenf. However, mosf of fhe Stockholm Convention 
POPs and emerging chemicals of concern have nof been covered in fhe sfudy 
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The Pearl River Delta has undergone a rapid socioeconomic develop- 
ment over the past 30 years since the economic reform, with environmental 
degradation resulting as a consequence (Enright et al. 2005). During the pro- 
gression of differenf sfages of indusfrial development differenf toxic chemi- 
cals have been emitted fhrough human acfivifies. These could be grouped 
under (1) heavy mefals, (2) Sfockholm Convenfion-classified persisfenf 
organic pollufanfs (POPs), and (3) chemicals of emerging concern. 



Heavy Metals 

If is commonly known fhaf arsenic (As, a mefalloid), cadmium (Cd), mer- 
cury (Hg), and lead (Pb) are widespread in fhe environmenf. A subsfanfial 
amounf of informafion concerning fhe sources, fafes, and effecfs in Hong 
Kong and fhe Pearl River Delia region has been available since fhe 1970s. 

Based on fhe bioaccessible heavy mef al resulf s from our recenf invesf igaf ion 
(Man ef al. 2010), if was revealed fhaf fhe concenf raf ions of As and ofher heavy 
mefals found in fhe soil of former agriculfural lands are highly defrimenfal 
fo fhe human healfh (especially to children) due fo elecfronic waste storing 
and recycling, car dismanfling and repairing acfivifies fhaf causes drasfic 
increases in concenfrafions. In addifion, high concenfrafions of As, Cd, Hg, 
and Pb in wafer and sedimenf giving rise fo elevated levels of fheir presence 
in fish would also impose pofenfial healfh risk. 

According fo a sfudy on fhe levels of Hg in six fish species culfured in 
fhe same pond, fhere is a clear indicafion fhaf Hg is bioaccumulafed and 
biomagnified in fhe aquafic food chain, wifh fhe highesf concenfrafion 
(56.7ng/g dry wf.) defecfed in fhe black bass, a fop carnivore (Zhou and 
Wong 2000; Cheng ef al. 2010). 

An early sfudy indicafed fhaf individuals consuming four or more meals of 
fish per week had a hair Hg of 4.07 mg/kg dry weighf while fhose consuming 
fish less frequenfly had significanfly lower levels (2.56 mg/kg), and men 
wifh high hair levels were fwice as likely fo be subferfile, when compared 
wifh men wifh low levels (Dickman ef al. 1998, Dickman and Leung 1998). 
Secondary school sfudenfs in Hong Kong have been advised nof fo consume 
excessive amounf of predatory fish (such as funa), which may confain higher 
Hg, as well as shellfish, which confains higher As and Cd concenfrafions 
(HKFEHD 2002). 

In facf, our previous sfudy fesfing heavy mefals in common freshwafer 
and marine fish available in Hong Kong markefs indicafed fhaf a few fish 
species had average concenfrafions greater fhan fhe infernafional sfandards 
for Cd and Pb esfablished by fhe European Union and fhe China Nafional 
Sfandard Managemenf Deparfmenf. Tofal Hg concenfrafions in 10 of 20 
fish species available in fhe markef were generally greafer fhan fhose of fhe 
World Healfh Organizafion's recommended limif of 0.2 mg/kg for af-risk 
groups, such as children and pregnanf women (Cheung ef al. 2007). 
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Due to the rapid industrial development in our region, Hg emission 
from coal combustion, metal smelting, and relevant industries seems to 
be a public concern. There is a severe lack of informafion concerning fhe 
concenfrafions and speciafion of Hg in differenf ecological comparfmenfs 
of our region (Zhang and Wong 2007). Our recenf sfudy demonsfrafed 
fhaf fhere is a pofenfial danger fhaf fhe organic maffer accumulafed in 
freshwafer fish ponds (around fhe Pearl River Delia region) and beneafh 
mariculfure raffs (along fhe coasfal areas of Soufh China) would provide 
an ideal opporfunify for sulfafe bacferia fo fransform inorganic mercury 
fo mefhyl mercury and fhen enfer culfured fish (Liang ef al. 2010, Shao 
ef al. 2011). 



Stockholm Convention POPs 

The original 12 POPs included 8 organochlorine pesticides (OCPs): aldrin, 
chlordane, DDT, dieldrin, endrin, heptachlor, mirex, and toxaphene; 2 indus- 
trial chemicals: polychlorinated biphenyls (PCBs) and hexachlorobenzene 
(which is also a pesticide); and 2 combustion by-products: dioxins and furans 
(PCDDs and PCDFs). Additional POPs, including flame retardants (poly- 
brominated diphenyl ethers [PBDEs]), have been added to the list recently. 
Each country that signed the legally binding treaty is required to develop 
a National Implementation Plan (NIP) to fulfill the obligations under the 
Stockholm Convention (Article 7), either to eliminate or reduce the produc- 
tion and usage of the 12 POPs in the near future. Each country also needs a 
strategy to fulfill monitoring obligation. Regular monitoring of these chemi- 
cals in different ecological compartments (i.e., air, soil/sediment, water), 
biota, and human tissues is required. 

It is observed that levels of PCBs and dioxins/furans in all environmen- 
tal media were relatively low in China, when compared with other indus- 
trialized countries (Fiedler et al. 2002, Xing et al. 2005). Although OCPs, 
including eight of the original nine pesticides listed in the Stockholm 
Convention on POPs, and PAHs, detected in Hong Kong air samples were 
considered to be at a low level and that they would not pose any health 
hazards (Choi et al. 2008, 2009). A number of studies indicated the gross 
contamination of DDTs in the estuarine system in South China; for exam- 
ple, Iwata et al. (1993) tested the concentrations of DDT in the suspended 
particulate matter in surface seawater around the world and noted the 
highest concentration of DDT in the South China Sea, which is very near 
to Hong Kong and Macao. 

Our early studies indicated that the inland river systems and fish ponds 
in the Pearl River Delta were grossly polluted by PCBs, HCHs, and DDTs, 
which resulted in higher concentrations of these chemicals in fish collected 
from inland rivers as well as fish ponds (Liang et al. 1999, Zhou et al. 1999a, 
Zhou and Wong 2000). The uptake of these chemicals seemed to depend 
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on feeding modes of fish, wifh carnivores having higher concenfrafions 
(Zhou ef al. 1999b), an indicafion of bioaccumulafion and biomagnifica- 
fion fhrough fhe aquafic food chain. Our recenf survey showed fhaf frash 
fish used in bofh freshwafer and marine fish farms confained significanfly 
higher levels of DDTs (86.5-641 fig/kg lipid wf.) fhan in commercial pel- 
lefs, resulfing in higher loadings of DDTs in fish culfivafed in our region 
(Leung ef al. 2010). 

Our recenf sfudy investigating fhe body burdens of POPs in residenfs of 
Hong Kong showed fhaf fhere are significanf correlafions: Z DDTs and p,p'- 
DDE in human milk wifh consumpfion of freshwafer and marine fish, and 
mafernal age, and Z PAHs in human milk wifh mafemal age, respecfively. 
The esfimafed daily infakes of DDTs by infanfs indicafed fhaf 7 ouf of 29 of 
fhe human milk samples exceeded 20ng/g/day, fhe tolerable daily infake 
(TDI) proposed by fhe Healfh Canada Guideline in ferms of DDTs levels 
(Tsang ef al. 2010). Qin ef al. (2010) also demonsfrafed fhaf DDTs, HCHs, 
PCBs, PAHs, PBDEs, As, Cd, Pb, and Hg defecfed in adipose tissues may 
have some correlation wifh uferine leiomyomas (a kind of fumor), and fheir 
accumulafion in fhe body is positively correlafed wifh regular consumpfion 
of seafood and ofher factors such as body mass index and age. 

Based on source analyses, if has been demonsfrafed fhaf fhe PAHs in 
indoor dusf were derived from pyrogenic (combusfion) origins (Kang ef al. 
2010). Wang ef al. (2010a,b) furfher showed fhaf surface sedimenfs of freshwa- 
fer fishponds and mariculfure raffs around fhe PRD were grossly confami- 
nafed by PAHs derived from combusfion sources. Even in Mai Po Marshes, 
a more remofe area designated for biological conservation, if was found fhaf 
fhe sedimenfs confained high concenfrafions of PAHs and various chlori- 
nated hydrocarbon pesficides fhaf would impose foxicify on fhe environ- 
menf, based on fhe resulfs of foxicify fesfs using differenf frophic organisms 
(Microfoxs solid-phase fesf, Daphnia morfalify fesf, algal growfh inhibition 
fesf, and rye grass seed germinafion fesf) and biomarker sfudies (filapia 
hepafic mefallofhionein; glufafhione [GSH], and EROD acfivify using H4IIE 
raf hepatoma cell) (Kwok ef al. 2010). 

By analyzing 10 common fypes of marine fish and 10 common f 5 q)es of 
freshwafer fish available in local markefs of Hong Kong, if was found fhaf 
PBDEs confained in fhese fish were rafher high, and because of fhe higher 
fish consumpfion rate by Hong Kong residenfs, fhere is higher daily PBDE 
infake (222-1198 ng/ day for marine fish and 403-2170ng/day in freshwa- 
fer fish) fhan fhose reporfed from fhe Unifed Sfafes (8.94-15. 7ng/day) and 
Europe (14-23.1 ng/ day) (Gheung ef al. 2008). Due to fhe rapid indusfrial 
developmenf in fhe Pearl River Delia, PBDEs can be commonly defecfed in 
fhe environmenf, and a rafher high concenfrafion of 21 .4 ng/ day dry wf . fofal 
PBDEs was defecfed in fhe sedimenf from wasfewafer discharge from fhe 
vehicle-repairing workshop in Lo Uk Tusen, a former farm land in fhe New 
Terrifories of Hong Kong (Luo ef al. 2007). 
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Emerging Chemicals of Concern 

A review on "Emerging chemicals issues in developing countries and 
countries with economy in transition" commissioned by the United Nation 
Environment Programme (UNEP) and Global Environment Eacility (GEE) 
has been completed (Wong et al. 2010), which identifies a number of emerg- 
ing chemicals of concern. The major aim of this project was to support GEE's 
immediate goal in its chemicals program, that is, to promote effective man- 
agement of chemicals throughout their lifecycle, in ways that lead to the 
minimization of significant adverse effects on human health and the global 
environment. The drafting group, with the assistance of the Scientific and 
Technical Advisory Panel (STAP) of UNEP, identified a preliminary list of 
emerging chemicals issues based on numerous policy and guidance docu- 
ments, combined knowledge, and active screening of recent literature. 

In addition to the newly added PBDEs into the Stockholm Gonvention on 
POPs, the recent view has identified some emerging chemicals of worldwide 
concern, such as Bisphenol A, PPOA/PPOS, pharmaceuticals, and personal 
care products, such as antibiotics. Like POPs, these chemicals are highly per- 
sistent, are concentrated in the food chain, are accumulated in body lipids, 
and impose human health hazards. They may lead not only to losses but also 
to the appearance of new genes and ecotypes, resulting in changes of struc- 
tural and functional biodiversity. Thus, they influence not only monospecies 
but also populations. 

Bisphenol A is a high-production-volume chemical, as there is an increas- 
ing demand for polycarbonates and epoxy resins. Suspected of being hazard- 
ous to humans, concerns about the use of BPA in consumer products were 
regularly reported in the news media since 2008 after several governments 
questioned its safety. Some retailers have removed products containing BPA 
from their shelves. The US. Pood and Drug Administration raised further 
concerns regarding exposure of fetuses, infants, and young children to BPA 
(USPDA 2010). 

Perfluorinated compounds (PPGs) are man-made fluorinated hydrocar- 
bons, which have been manufactured since late 1940s (Paul et al. 2009). Their 
products possess distinctive surface-active properties, which allow them 
to be widely used in coating formulations, fire-fighting foams, and lubri- 
cants. Their exceptional chemical stability and inertness also render them 
suitable for extensive use in surface-protecting agents (e.g., textile, paper 
products, and carpet). These substances are now widespread in different 
ecological compartments, biota, and human tissues (Promme et al. 2009, Paul 
et al. 2009). Our recent study analyzing 20 species of common marine and 
freshwater fish available in Hong Kong markets showed that mandarin fish 
(a freshwater carnivore, commonly cultivated in South Ghina, under dense 
culture) contained the highest concentrations of both bisphenol A and PPGs 
(Wei et al. 2010, Zhao et al. 2010). 
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It has been indicated that the agricultural use of animal manure or 
fishpond sedimenf confaining considerable amounfs of anfibiofics such 
as fefracycline, which is commonly used in bofh humans and in farming 
of shrimps and livesfocks in our region, may give rise fo ecological risks 
(Wei ef al. 2009). In fhe pasf, Chinese shrimp and prawns were banned in 
Europe and fhe Unifed Sfafes due fo fhe high residual anfibiofics defecfed 
(Chao 2003). However, fhe mosf defrimenfal effecf is fhe provocafion of 
resisfance in pafhogens fhrough long-ferm exposure fo fhe residues of 
fhese anfibiofics because of genefic variafion, and fhe fransfer fo plasmids 
confaining an anfibiofic-resisfanf gene, eifher direcfly or indirecfly from 
nonpafhogenic fo pafhogenic microorganisms (Wegener 1999). 



Health Impacts of Toxic Chemicals 
Chronic Diseases 

With the dramatic rise of the incidence of chronic diseases globally (Yach 
et al. 2004), diseases such as allergies, neuropsychiatric diseases, metabolic 
disorders, gynecological and obstetric disorders, cardiovascular disorders, 
and cancers have become more difficult to manage. Modern medical prac- 
tice often emphasizes on a single procedure or a pharmaceutical agent 
to cure a disease by conducting randomized placebo-controlled trials. 
Despite technological advances, many diseases have become intractable. 
The patterns of diseases have changed dramatically with many patients 
having multiple medical problems. Functional abnormalities like insom- 
nia, anxiety, and fatigue have become more prevalent. In the quest for a 
rational explanation and more efficacious management, a novel approach 
engendered from the perspectives of "functional medicine" has been tried. 
This approach has been shown to be effective and is based on scientific 
advances in the field of studies on nutrition and environmental pollution 
(Galland 2006). 

Over a period of 8 years, an observational research in a private pediatric 
clinic in Hong Kong has been very active in unraveling the myths of intrac- 
table illnesses in infants and children. Many cases of severe allergies, autism, 
apparent hereditary neurodevelopmental disorders, and compromised 
growth could be reversed through nutritional therapy. This health manage- 
ment idea has been extended to treat both fetus and adult with health prob- 
lems. A new model of diseases can be explained by the concept of genetic 
polymorphism, nutrient insufficiencies, toxic pollutants overload, and hor- 
monal imbalance. Diagnostic approach involves a detailed history of dietary 
habit, lifestyle, drug history, and occupational exposure to potential pollut- 
ants. Investigations would include a hair mineral analysis, a provocative 
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urine challenge test for toxic metals, and a test of morning urine for porphy- 
rins (Fowler 2001, Nafaf ef al. 2006). 



Environmental Pollution and Health Impacts 

The environment of Hong Kong is fast becoming polluted, and with a size- 
able level of fish consumption and frequent use of dental amalgams and 
Chinese Herbal medicine, literally all people have toxic overload. The U.S. 
Environmental Protection Agency has monitored human exposure to toxic 
environmental chemicals since 1972 when they began the National Human 
Adipose Tissue Survey (Committee on National Monitoring of Human 
Tissues 1991). This study evaluated the levels of various toxins in the fat tis- 
sues from cadavers and elective surgeries. More than 90% of these samples 
had five or more toxic organic pollutants. A survey of the newborn infants' 
cord blood mercury in Hong Kong has shown that more than 70% of the 
infants had mercury levels above the acceptable levels (Fok et al. 2007). 

The local health authority declared fish consumption can be associated 
with raised blood mercury in the general population, but this would bear 
no relation to ill-health. The local health authority has educated the public 
to apply "Chlorine Bleach" widely in the home environment after the SARS 
and influenza epidemic, thus aggravating the problem of pollutant overload. 
Pregnant women in Hong Kong stand a high chance of having toxic over- 
load. The fetus in utero would share a portion of the mother's toxic burden 
(Scandborgh-Englund et al. 2001). After delivery, the level of toxic load pres- 
ent in the infants would further increase when they are fed with breast milk 
(Grandjean et al. 2003). The protean manifestation of the children growing 
up with toxic overload are poor sleep, allergies, anorexia, stunted growth, 
attention deficit, h 5 q)eractivity, and mood disorders. Women with toxic over- 
load can be asymptomatic or may have chronic fatigue, migraine, menstrual 
disorders, recurrent infection, insomnia, autoimmune diseases, severe aller- 
gies, and gynecological diseases. 

The pathophysiological mechanism of mercury overload is the blockade 
of ATP production and mediation of excessive oxidative stress (Goyer 2000, 
Glarkson 2002). The immune function would be severely affected, and the 
affected patients would have "gut dysbiosis": Pathogenic viruses, fungi, 
and bacteria would flourish inside the gastrointestinal tract. The concomi- 
tant overload of POPs acts as xenoestrogen. Through excessive stimulation 
of estrogen receptors, these women are prone to develop endometriosis, 
breast cancer, gynecological cancers, menorrhagia, and premature labor. 
For example, the perchlorate, a particular organic pollutant, can block 
thyroid receptors causing obesity, fatigue, constipation, and menorrhagia 
(Porterfield 1994). 

A spectrum of illnesses have been observed in infants born with toxic over- 
load. They may have a latent period of normal health in the first few weeks 
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of life. The symptoms are hyperirrifabilify wifh excessive inconsolable cry- 
ing, slow feeding, infracfable consfipafion, fidgefy sleep, sfunfed growfh, early 
atopic eczema, respiratory allergies, and repeated infecfion. The feefh would 
show dark sfaining. Teefh grinding or bruxism occurs in sleep. The more 
severely affected would have delay in neurocognifive funcfion and gross motor 
funcfion. The affected children fend to have speech delay, clumsiness, poor 
eye confacf, impulsivify, and h 5 ^eracfivify. If infanfs wifh fhese symptoms 
were nof freafed, some of fhem would develop aufism, asperger syndrome, 
or dyslexia. Treafmenfs of fhese children include idenfificafion of fhe sources 
of toxic inpuf. These usually were consumpfion of too much fish and exces- 
sive cleaning of fhe home wifh Chlorine Bleach. Eliminafion of fhe toxic over- 
load involved fhe use of supplemenfary anfioxidanfs, probiofic, and essenfial 
faffy acid. Chelafion fherapy would be required for fhe more severely affected 
children (Masters ef al. 2008). In confrasf wifh convenfional medical pracfice, 
judicious use of chelafion fherapy has been found to be safe and effecfive in 
restoring fhe healfh of fhese foxin-laden children wifh no adverse side effecfs. 



Nutritional Therapy 

In the course of this novel therapy, a phenomenal catch up growth was fre- 
quently observed in the treated children during the recovery period. This 
implies the toxic overload has compromised normal growth and has never 
been recognized in conventional medicine. Once it was relieved, the normal 
growth trajectory would be resumed. From the perspective of maximal clini- 
cal benefit, the younger the patient started on detoxification therapy, the bet- 
ter the outcome. This can be explained by the higher potential of the inherent 
stem cell in the younger patients to enable compensatory repair of the dam- 
aged organs. According to our experience, a child presenting with obvious 
signs of cerebral palsy and an infant presenting with signs of hemiplegia due 
to intrauterine stroke have both responded favorably to the detoxification 
regime. In both cases, a dramatic recovery from the neurological handicap 
was observed, specifically because the intervention was started at an early 
age. The inherent plasticity of the infants' brain should be given the chance of 
compensating for any damage inflicted by the passage of toxin from asymp- 
tomatic yet toxin-overloaded mothers to infants during pregnancy. 

Adults with multiple medical problems have been tested for toxic heavy 
metal overload. Literally all of these patients have been shown to have mer- 
cury and other toxic heavy metal overload. After they have been started on 
intensive chelation and nutritional therapy, these medical problems would 
be significantly ameliorated or relieved. Examples include hypertension, dia- 
betes mellitus, neurosis, anxiety-depression, peripheral arterial insufficiency, 
irritable bowel syndrome, reflux esophagitis, chronic pain, fatigue, metabolic 
syndrome, chronic active hepatitis, autoimmune diseases, dementia, chronic 
bronchitis, retinal degeneration, glaucoma, chronic asthma, and other chronic 
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allergies. Detoxification and antioxidant therapy has been utilized to support 
the immune dysfunction of cancer survivors, with varying degrees of success. 

Nutritional management can likely have a role in reducing the incidence 
of women's diseases. From a functional medicine approach, micronutrient 
deficiencies and toxic overload should be identified and rectified. A modified 
dietary plan and lifestyle should be advised. Nutritional therapy includes 
recommendation on a diet that is rich in antioxidants, contains good-quality 
protein, fiber, and sufficient in water. For treating diseases specific to women 
as mentioned previously, nutritional supplements such as Indole-3-Carbinol 
and Diindolylmethane (DIM) are recommended to be made a part of these 
women's diet, as these supplements can help in hastening the metabolism of 
excessive xenoestrogens (Auborn et al. 2003). 

Oral or intravenous magnesium chloride or sulfate can be orally or intrave- 
nously administered. Vitamin C, N Acetylcysteine, or Glutathione can be given 
intravenously to combat the excessive oxidative stress. Selenium and zinc are 
essential for toxin excretion and are usually required to be supplemented. 
Plant-derived bioidentical progesterone can be used to counteract the excessive 
estrogen stimulation of these patients (Holtorf 2009). This is available as topical 
cream for absorption through the skin, sparing the first pass effect to the liver. 

To facilitate elimination of toxic pollutants, constipation should not be 
allowed. If supplemented dietary fiber is not adequate to prevent constipa- 
tion, graded doses of Armour thyroid may be required. Many health prob- 
lems in women can be resolved through this novel regime. These problems 
are menstrual disorders, endometriosis, polycystic ovaries, infertility, pre- 
mature labor, breast nodules, fibroids, and gynecological cancers. The use of 
interventional nutritional therapy and the concept of toxin overload in rela- 
tion to diseases have long been regarded as "Alternative Medicine," which is 
unfamiliar among conventional medical practitioners. 



Conflict of Interest and Political Reasons for 
Downplaying Mercury Toxic Effects 

Implantation of dental amalgams, consumption of seafood, and Chinese 
herbal remedy are common practice of the people of Flong Kong. Yet the 
adverse health effects of getting overloaded with toxic heavy metals, espe- 
cially mercury, has never received much attention by the medical profession. 
It has been shown that the passing of fish-derived mercury from mother to 
the fetus in utero and its long-term adverse effects on the heart and the brain 
are of greater significance (Steuerwald et al. 1999). Conventional medicine 
never recognizes the adverse health effect of chronic low-dose toxicity by 
mercury. 
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For fear of public oufcry and lifigafion, fhe fhree main groups wifh vesfed 
financial inferesf have fo be profecfed af fhe sacrifice of denying fhe cure for 
inf racf able illnesses. These fhree groups are denfisfry, coal burning elecfric 
power planf, and fhe vaccines indusfry. Thimerosal, a form of Efhylmercury 
used in influenza vaccine, is a producf associafed wifh huge financial infer- 
esf worldwide (Pfab ef al. 1996). 

The impacf of worsening environmenfal pollufion on fhe physical and neu- 
rocognifive healfh of fhe f ufure generafions of China would never be curfailed 
if such negafive or unefhical enfifies operafing wifh inferesfs are nof idenfified 
and confrolled or eliminafed. If appears fhaf fhe medical pracfifioner commu- 
nify is powerless when if comes fo fighfing fhe rapidly rising levels of aufism, 
severe allergies, autoimmune diseases, cancers, psychiafric, and mefabolic dis- 
eases in children. Wifh fhe fasf-growing indusfrializafion of China and fhe 
increasing affluence of ifs cifizens, fhere exisfs a clear possibilify fhaf foxin- 
mediafed ill-healfh would wreak havoc on child healfh, sfarfing in utero. Our 
presenf healfhcare and medical system have nof paid sufficienf affenfion fo fhe 
adverse effecf of environmenfal degradafion on human healfh. 



Conclusion 

There seems fo be rafher subsfanfial evidence linking mefal (especially Hg) 
overload and ifs long-ferm low-dose effecfs relafed fo human healfh, espe- 
cially in developing fefus and young children. If is expected fhaf ofher foxic 
chemicals fhaf include various POPs (such as chlorinated hydrocarbon pes- 
ficides and flame refardanfs) and emerging chemicals of concern (such as 
bisphenol A and PFOA/PFOS) would also exerf fheir harmful effecfs on 
human healfh. As fhere are powerful enfifies wifh vesfed financial infer- 
esfs operafing in fhe pharmaceutical and medical healfhcare indusfries, any 
efforfs in disseminating knowledge of environmenfal degradafion among 
general public and designing an appropriafe nufrifional approach fo curfail 
fhe diseases arising ouf of such environmenfal degradafion would face insur- 
mounfable political barriers. Unforfunafely, if appears fhaf only wifh furfher 
dramatic rise in disease burden globally wifh worsening environmenfal deg- 
radafion would fhis reform of fhe healfhcare system be felf imperafive. 
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Introduction 

Health Effects of Heavy Metals 

Heavy metals refer to elements with a high (>5.0) relative density. Heavy 
metal poisoning is the term used to describe acute or chronic poisoning, by 
substances such as mercury, lead, cadmium, and arsenic (a metalloid, with 
some metallic properties). These may enter into human beings by ingestion 
and inhalation or by absorption through the skin or mucous membranes and 
stored in the soft tissues of the body. Once absorbed, the heavy metals would 
compete with other ions and bind to proteins, subsequently impair enzy- 
matic activity, and damage many organs (Stine and Brown 2006). 

Mercury occurs naturally in the environment. It can also be released into 
the air through industrial pollution, such as coal-fired power plants. Mercury 
falls from the air and accumulates in aquatic systems. The sulfate-reducing 
bacteria in water or sediment can transform inorganic mercury into methyl 
mercury. Fish living in contaminated water absorbs methyl mercury present 
in it. Methyl mercury is further absorbed through the food chains and food 
webs, including via consumption of carnivorous fish types such as sword 
fish, tuna, and shark that carry extremely high concentrations of this highly 
toxic form of mercury (USFDA 2006). Mercury is cytotoxic, as it can bind to - 
SH (sulfhydryl) groups, which exist in almost every enzymatic process in the 
body, and disturb every metabolic process. In addition, it can be absorbed 
directly into the brain, by crossing the blood-brain barrier. Mercury can also 
bind to hemoglobin in the red blood cell, reduce its oxygen-carrying capacity, 
and damage blood vessels by reducing blood supply to the tissues. Through 
placenta transfer, mercury can be stored in the fetus and infant up to eight 
times higher than that of the mother. It can also be passed from the mother to 
the infant through breastfeeding at later stage (Steuerwald et al. 2000). 

Lead occurs naturally in the earth's crust, and human activities such as 
burning fossil fuels, mining, and manufacturing have spread it throughout 
our homes, workplaces, and the environment. Deteriorated lead-based paint 
in older homes, house dust, and water pipe and gasoline containing lead are 
the most common sources of lead poisoning throughout the world. Lead is 
toxic to many of the tissues and enzymes in the human body, and children 
are particularly more vulnerable to lead as it can accumulate in their nervous 
system, which in turn results in lower intelligence and poor school perfor- 
mance. Lead poisoning may go undetected because, frequently, there are no 
obvious signs or symptoms (National Library of Medicine 2004). 

Cadmium is also a natural element in the earth's crust, and it is commonly 
found as a mineral combined with other elements such as oxygen (cadmium 
oxide), chlorine (cadmium chloride), or sulfur (cadmium sulfate, cadmium 
sulfide). All soils and rocks, including coal and mineral fertilizers, contain 
cadmium. It is produced during extraction of other metals such as zinc, lead. 
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and copper. It has a wide range of industrial usages, including batteries, pig- 
ments, metal coatings, and plastics. Cadmium enters into the atmosphere 
from mining and other industrial activities such as burning coal and from 
household wastes. All biota, including plants, animals, and human beings, 
take up cadmium from the environment. Cadmium can stay in the human 
body for a very long time and can build up from many years of exposure to 
low levels (ATSDR 1999). 

Arsenic is widely distributed in the earth's crust and may enter the air, 
water, and land from wind-blown dust and reach the aquatic systems from 
runoff and leaching. It combines with oxygen, chlorine, and sulfur to form 
inorganic arsenic compounds in the environment. In animals and plants, it 
combines with carbon and hydrogen to form organic arsenic compounds. 
Fish and shellfish can accumulate arsenic. Fortunately, most of this arse- 
nic is in an organic form called arsenobetaine, which is much less harmful. 
Inorganic arsenic compounds are mainly used to preserve wood; for exam- 
ple, copper-chromated arsenic (CCA) has been used in "pressure-treated" 
lumber. Although CCA is no longer allowed for residential uses in the United 
States, it is still used in industrial applications. Organic arsenic compounds 
are used as pesticides, mainly on cotton plants. There is some evidence sug- 
gesting that long-term exposure to arsenic in children may result in lower 
IQ scores. Arsenic can cross the placenta and has been found in fetal tissues. 
Arsenic is also found at low levels in breast milk (ATSDR 2005). 



Oxidative Stress 

Oxidative stress (OS) is a general term used to describe the steady-state level 
of oxidative damage to a cell, tissue, or organ caused by the reactive oxygen 
species (ROS). This damage can affect a specific molecule or the entire organ- 
ism. ROS, such as free radicals and peroxides, represent a class of molecules 
that are derived from the metabolism of oxygen and exist inherently in all 
aerobic organisms (Granot and Kohen 2004). Most ROS are derived from the 
endogenous sources as by-products of normal and essential metabolic reac- 
tions, such as energy generation from mitochondria or detoxification reac- 
tions involving liver cytochrome P-450 enzyme system. Exogenous sources 
include environmental pollutants such as emission from automobiles and 
industries, exposure to cigarette smoke, consumption of excess alcohol, 
asbestos, exposure to ionizing radiation, and bacterial, fungal, or viral infec- 
tions (Stohs and Bagchi 1995). 



Autism 

Autism is a complex developmental disability that typically appears during 
the first 3 years of life, resulting from a neurological disorder. This subse- 
quently affects not only the normal functioning of the brain but also the 
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development in social interaction and communication skills, including diffi- 
culties in verbal and nonverbal communication and leisure or play activities 
(Bernard 2001, Autism Society of America 2003). 

Children's exposure fo heavy mefals in immunizafions has been a long- 
ferm concern of aufism advocafes. All fhe heavy mefals menfioned earlier 
are highly toxic fo brain cells and ofher body sysfems affecfed by aufism. 
Several classic feafures of aufism, such as speech loss and loss of social and 
communicaf ion skills, are signafure f rails of heavy mef al poisoning (Bernard 
2001). Minamafa disease, a form of acute mercury poisoning in fhe inhabif- 
anfs of a fishing village located af Minamafa Bay (Japan), was a resulf of fhe 
exposure of fefus fo mercury-confaminafed fish consumed by fhe mofher. 
Children wifh Minamafa disease had symptoms indisfinguishable from 
menial refardafion or cerebral palsy (Kondo 2000). In addifion, acrodynia, a 
disease caused by mercury in infanf feefhing powder, was reported in fhe 
early 1900s. Children wifh acrodynia suffered peeling and reddened skin 
on fheir hands and feel and heightened sensifivify fo lighf (Warkany 1966, 
Aufism Sociefy of America 2003). 



Heavy Metals in Hair, Urine, and Blood 

A hair sample can provide an accurafe and powerful means of evaluafing 
fhe effecfs of cumulafive, long-term exposure fo toxins. As fhe hair follicle 
grows, toxic elemenfs in fhe blood are absorbed info fhe growing hair pro- 
fein. Due fo fhe facf fhaf scalp hair grows af an average of 1-2 cm in a monfh, 
hair elemenfs analysis can provide a temporal record of elemenf mefabolism 
fhaf has occurred during fhe previous 1-10 monfhs (Bencko 1995, DTHM 
2004, McDowell ef al. 2004). 

Analyses of urine samples carried ouf fo defecf fhe presence of heavy 
mefal confenf are believed fo reveal heavy mefal exposure over fhe previous 
2-3 monfhs. If is believed fhaf heavy mefal excrefion after a dose of chelaf- 
ing agenf fends fo reflecf fhe body burden beffer fhan basal excrefion. In fhe 
presenf sfudy meso-2, 3-dimercapfo-succinicacid (DMSA, mefal chelafing 
agenf) was used fo remove heavy mefals (Basel! and Cravey 1989). 

In general, whole blood elemenf analysis is used as a diagnosfic mefhod 
fhaf could defermine imbalance, insufficiency, or excess of cerfain elemenfs 
associated wifh essenfial funcfions. Whole blood elemenf analyses are use- 
ful for fesfing elevafed or excessive levels of pofenfially toxic elemenfs such 
as cadmium, lead, mercury, nickel, and uranium buf are nof reliable as an 
indicafor of fofal body burden in long-term exposures (Klaassen 1996). 



Aims and Objectives of Present Research 

Since toxic heavy metals can enter into different ecological compartments 
of our environment and persist for a long period, they could be transferred 
into food chains, biomagnified in species of higher trophic levels and finally 
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reach human beings. This study was aimed at assessing toxic heavy metal 
loads in different tissues (blood, hair, and urine) of children wifh aufism, in 
relafion fo fheir healfh and performance in acfivifies requiring physical and 
menfal skills. More specifically, fhe objecfives of fhe presenf projecf were as 
follows: 

1. To invesfigafe heavy mefal loading in differenf f issues of children 
wifh aufism. 

2. To compare heavy mefal poisoning of children from Hong Kong and 
Mainland China. 

3. To fesf and analyze fhe changes due fo nufrienf and food allergy in 
fhe body of children wifh aufism. 

4. To analyze fhe gender and disfricf (residenfial locafions) difference, 
in ferms of heavy mefal loading in children wifh aufism. 



Materials and Methods 
Collection of Samples 

The experimenfal plan and procedures were approved by fhe Efhical 
Commiffee of Hong Kong Bapfisf Universify. The sfudied subjecfs were chil- 
dren wifh aufism who came fo Hong Kong Child Developmenf Confer in 
recenf years from differenf provinces of Mainland China and Hong Kong. 
Wifh fhe consenf of fheir parenfs, samples of fheir blood (22 from Mainland 
China, and 11 from Hong Kong), hair (100 and 50), and urine (86 and 15) 
were collecfed 6h affer adminisfrafing meso-2, 3-dimercapfo-succinicacid 
(DMSA) fo fhe children, in order fo fesf fhe concenfrafion level of heavy mef- 
als presenf in fhe samples (arsenic, cadmium, lead, and mercury). 



Analyses of Heavy Metals 

The samples were sent to Doctor's Data Lab (the United States) where, using 
the inductively coupled plasma mass spectroscopy (ICP-MS), they were 
tested for detecting the presence of four heavy metals. 



Blood IgG Test 

Blood IgG is an immunoglobulin associated with delayed allergic (hyper- 
sensitivity) reactions. The Blood IgG Test provided by The Great Plains 
Laboratory, Inc., Lenexa, Kansas, was used to test food allergy of these chil- 
dren with autism. 
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Results and Discussion 
Hair Test 

According to Table 3.1, the concentrations of 4 of fhe 12 heavy mefals fesfed 
all exceeded fheir respecfive reference ranges, especially mercury in Hong 
Kong samples (exceeded 7.47 fimes), lead in Mainland China samples (5.26 
fimes), and arsenic in Mainland China samples (4.87 fimes). Mainland China 
samples confained significanfly higher (p < 0.05) lead and arsenic buf lower 
mercury fhan Hong Kong samples. 

Urine Test 

Table 3.2 shows that 6h after the children were administered DMSA, a sub- 
stantial amount of the four heavy metals were detected in the urine. All met- 
als exceeded their respective reference ranges, especially lead (9.77 times and 
3.58 times in Mainland China and Hong Kong samples, respectively) and 
mercury (2.03 times and 2.65 times in Mainland China and Hong Kong sam- 
ples, respectively). A significantly higher (p < 0.05) concentration of lead was 
observed in Mainland China samples than in Hong Kong samples, whereas 
no significant differences were noted in concentrations of the other three 
metals between Mainland China and Hong Kong samples. 

Blood Test 

Table 3.3 shows the concentrations of mercury, cadmium, and lead which 
all exceeded their respective ranges, especially lead (0.61 and 0.3 times in 



TABLE 3.1 



Concentrations of Heavy Metals in the Hair Samples of the Children 
with Autism 



Heavy 

Metal 


District 


Concentrations 

(fig/g) 


Reference 
Range (gg/g) 


Excess 

Multiple 


Mercury 


Mainland China 


0.917±1.018* 




2.29 




Hong Kong 


2.99±3.18 


<0.4 


7.47 


Lead 


Mainland China 


5.26 ±7.96* 




5.26 




Hong Kong 


3.27±3.15 


<1 


3.27 


Cadmium 


Mainland China 


0.238 ±0.768 




1.59 




Hong Kong 


0.215 ±0.531 


<0.15 


1.43 


Arsenic 


Mainland China 


0.389 ±0.443* 




4.87 




Hong Kong 


0.177±0.133 


<0.08 


2.21 



* Indicates significant difference p < 0.05, according to student's t-test. 
Reference Range is collected according to Doctor's Data, Inc. (DDI) from 
America. 
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TABLE 3.2 



Concentrations of Heavy Metals in the Urine Samples of Children with Autism 



Heavy 

Metal 


District 


Concentrations 

(lig/g) 


Reference 
Range (gg/g) 


Excess Multiple 


Mercury 


Mainland China 


10.2 ±7.44 




2.03 




Hong Kong 


13.2 ±12.7 


<5 


2.65 


Lead 


Mainland China 


48.9±31.2* 




9.77 




Hong Kong 


17.9 ±11.01 


<5 


3.58 


Cadmium 


Mainland China 


0.543 ±0.297 




0.27 




Hong Kong 


0.515 ±0.389 


<2 


0.26 


Arsenic 


Mainland China 


138 ±153 




1.06 




Hong Kong 


127 ±104 


<130 


0.98 



* Indicates significant difference p < 0.05, according to student's t-test. 

Reference Range is collected according to Doctor's Data, Inc. (DDI) from America. 



TABLE 3.3 



Concentrations of Mercury, Lead, and Cadmium in Blood Samples Children 
with Autism 



Heavy 

Metal 


District 


Concentrations 

(lig/g) 


Reference 
Range (gg/g) 


Excess Multiple 


Mercury 


Mainland China 


0.00336 ±0.00272 




0.26 




Hong Kong 


0.00417± 0.00283 


<0.013 


0.32 


Lead 


Mainland China 


0.0336 ±0.0106* 




0.61 




Hong Kong 


0.0165 ±0.00926 


<0.055 


0.30 


Cadmium 


Mainland China 


0.00336 ±0.00272 




0.07 




Hong Kong 


0.000533 ±0.000132 


<0.014 


0.04 



* Indicates significant difference p < 0.05, according to student's t-test. 

Reference Range is collected according to Doctor's Data, Inc. (DDI) from America. 



Mainland China and Hong Kong samples, respectively) and mercury (0.26 
and 0.32 times in Mainland China and Hong Kong samples, respectively). A 
significantly higher (p < 0.05) concentration of lead was nofed in Mainland 
China samples fhan in Hong Kong samples, whereas no significanf differ- 
ences were found in mercury and arsenic concenfrafions. 



District Difference 

It seems apparent that the children with autism from Hong Kong con- 
tained higher concentrations of mercury and cadmium, whereas those 
from Mainland China had higher lead and arsenic. An attempt was also 
made to divide the samples into two groups: coastal districts (Guangdong, 
Fujian, Zhejiang, Tianjin, Shanghai, Jiangsu, Shandong) and inland districts 
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(Beijing, Hubei, Hunan, Shaanxi, Sichuan, Jiangxi) for comparing heavy 
metal loadings in children with autism. A general trend was observed show- 
ing that samples (hair, blood, and urine) from coastal districts tended to 
contain higher mercury and cadmium whereas those from inland districts 
higher lead and arsenic (although no statistical differences were observed 
due to small size of some samples). 



Gender Difference 

Among the 111 children with autism from Mainland China, 101 (90.99%) 
were male and 10 (9.01%) were female, and among the 71 children with 
autism from Hong Kong, 64 (90.14%) were male and 10 (14.08%) were female. 
In general, male children with autism made up 90% of all the children with 
autism from both Mainland China and Hong Kong. 



Food Allergy 

The patients' blood IgG (from The Great Plains Laboratory, Inc., Lenexa, 
Kansas) was tested to analyze the food allergy of these children with autism. 
It was observed that these children were sensitive to grains (e.g., wheat, rye, 
oats, barley, gluten), dairy products (e.g., milk, cheese, whey, yogurt), and 
other food items, such as egg white, egg yolk, sugar cane, asparagus, carrot, 
and citrus fruit. 



Discussion 

Body Loadings of Heavy Metals 

The children with autism, both from Mainland Ghina and Hong Kong, 
accumulated extremely high concentrations of heavy metals in their bod- 
ies. In Mainland Ghina, heavy metal pollution caused by both metal min- 
ing and smelting and other industrial activities is very serious. In addition, 
the use of gasoline and paints containing lead and pesticides containing 
arsenic explains why higher levels of these two elements were detected 
in children from Mainland Ghina. A survey conducted by WHO in 2004 
indicated lead poisoning of children in many parts of Ghina. Among 17,141 
children examined, it was revealed that 1,791 children had blood lead con- 
tent that exceeded lOOpg/L, with lead poisoning rate reaching 10.45% (Sina 
News Gentre 2005). On the other hand, the high concentrations of mercury 
and cadmium observed in children with autism from Hong Kong and, to 
certain extent, from other coastal districts, may reflect the intake of these 
two heavy metals through consumption of fish and shellfish as these two 
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fish types can efficiently absorb mercury and cadmium from the environ- 
ment (Cheng et al. 2011). In addition, it has been noted that the hair mercury 
level of the subfertile men in Hong Kong (with problems related to sperm 
volume and motility) is linked with their high consumption rate of fish 
(Dickman et al. 1998). 

Food Allergies 

It is well known that people with autism are more susceptible to aller- 
gies and food sensitivities than the average person. This is likely linked to 
their impaired immune system (Edelson 2000). Food sensitivities may be 
responsible for numerous physical and behavioral problems as observed 
in most of the children with autism who took part in this study. These 
included a wide range of symptoms such as headaches, stomachaches, 
feeling of nausea, bed-wetting, excessive whining and crying, sleeping 
problems, hyperactivity, aggression, temper tantrums, fatigue, depres- 
sion, intestinal problems, ear infections, and even seizures. In order to 
reduce allergy symptoms, vitamins, in particular vitamin C, are used 
(Edelson 2000). 

Heavy Metals and Oxidative Stress 

OS is caused by oxygen radicals produced by the body in manageable 
amounts as byproducts of normal body metabolism. However, their prev- 
alence can be exacerbated by exposure to environmental chemicals, such 
as heavy metals. Oxygen radicals damage cells (by reacting with proteins, 
DNA, carbohydrates, and fats), and interfere with signals sent between cells 
in the body, which can lead to autoimmunity (Klein and Ackerman 2003). 
Glutathione is one of the body's most important mechanisms of heavy metal 
detoxification and excretion, as it can bind with heavy metals such as mer- 
cury, lead, cadmium, and nickel (Stohs and Bagchi 1995) and can be more 
easily filtered out of the body. 

Due to limited access to the bulk of antioxidants produced by the body, 
the brain and nervous system are particularly vulnerable to OS, with 
neurons being the first cells to be affected (Shulman et al. 2004). More 
importantly, children are more vulnerable than adults to OS due to their 
naturally low glutathione levels (Ono 2001, Erden-Inal et al. 2002). As has 
been revealed that deficits in glutathione can cause degeneration of the jeju- 
num and colon, glutathione is vital to control proper function of the intes- 
tines (Martensson 1990). In the case of disabled gut, undigested proteins 
pass through the gut and cause oxidative damage to the brain and nervous 
system. In addition, intestinal disorder can reduce the intake of nutrients 
such as zinc, selenium, and cobalt, which are important to eliminate heavy 
metals in the bodies, and thereby aggravate the poisoning effect of heavy 
metals (White 2003). 
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Gender Difference 

It has been suggested that autism represents an extreme form of the way in 
which men's brains differ from those of women. This so-called male brain 
theory is linked with the "empathizing/systemizing (E-S)" theory, which 
states that men are better at systemizing than women and that women 
are better at empathizing than men due to physical differences between 
male and female brains. However, the concept of differing types of intel- 
ligence between men and women is controversial and remains speculative 
(Frequency of Autism 2004) 

By measuring testosterone levels in the amniotic fluid of mothers while 
pregnant, it was observed that the babies with higher fetal testosterone levels 
had a smaller vocabulary and less eye contact when they were a year old. The 
original 58 children were examined again, at age 4, and it was further noted 
that the children with higher testosterone in the womb were less developed 
socially and the interests of boys were more restricted than girls (Knickmeyer 
et al. 2005). However, there is still no concrete evidence indicating testoster- 
one levels would affect brain development or autism. 

The present results showed that men contributed to 90% of all autism cases 
and the children were diagnosed with learning disabilities and attention- 
deficit disorder. This seems associated with weaker antioxidant capacity in 
young males, with greater vulnerability in their brain and nervous systems. 
This may render them more vulnerable to heavy metals and autism. On 
the contrary, women and girls possess lower levels of inactive antioxidant 
chemicals, and estrogen is a powerful antioxidant that could counteract free 
radical-mediated damage in aging (Rush and Sandiford 2003). 



Conclusion 

The present study demonstrated the connection between heavy metal poi- 
soning and autism. Children are more susceptible to a vast number of com- 
mon pollutants, for example, arsenic in drinking water, lead in paint and 
dust, and mercury in fish. Based on the limited information available, there 
seems to be an indication that in Hong Kong children with autism (and other 
coastal districts) are associated with high levels of mercury and cadmium, 
possibly through oral intake of fish and shellfish, and inland children with 
autism are associated with high levels of arsenic and lead, due to envi- 
ronmental pollution. The present results also show that men are far more 
susceptible to heavy metal poisoning than women. Children with autism 
should be treated under a Heavy Metal Detoxification Program, providing 
them with nutrients, antioxidants, and chelating agents. 
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Introduction 

Industrial revolution unleashed a vast variety of new chemical compounds 
into the environment. Over the past 60 years, more than 80,000 synthetic 
chemical compounds have been made, and recently more than 3,000 new 
chemicals are produced each year (Landrigan et al. 2002). Since the adoption 
of the Stockholm Convention on Persistent Organic Pollutants (POPs) in the 
year 2001, the environmental and health impacts of environmental contami- 
nants have drawn more attention from scientists, policy makers, industries, 
NGOs, and the general public. Without doubt these chemicals are ubiquitous 
and are widely dispersed in air, water, soil, and daily necessity. Por the iden- 
tification and quantification of all these contaminants, substantial labor and 
financial cost are required. However, by the year 2000, less than 7% of the 
synthetic chemical compounds were tested for their chronic and develop- 
mental toxicity (Goldman and Koduru 2000). 

Presumably, dietary food intake is the major route to increase the body 
burden of environmental contaminants. Hence, a positive correlation 
between age and body burdens is expected. In 1979, a mass poisoning of 
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more than 2000 people occurred in central Taiwan due to consumption of 
rice-bran oil contaminated with polychlorinated biphenyls (PCBs) and their 
heat-degraded by-product (Guo et al. 1997). In North Vietnam, a study in 
1994 showed that the serum level of DDT in urban dwellers (32.3ng/mL) 
was fhreefold higher fhan in fhe rural residenfs (11.7ng/mL), suggesfing fhe 
major roufe of DDT exposure was fhrough fhe ingesfion of confaminafed 
foods, such as faffy meafs and poulfry (Schecfer ef al. 1997). In addifion, if 
has been reporfed fhaf consumpfion of faffy fish is fhe main exposure roufe 
for POPs (Grimvall ef al. 1997, Hu ef al. 2009, Jarnberg ef al. 1997, Svensson 
ef al. 1995). In 1997, fhe dioxin episode in Belgium has led fo Europe's worsf 
food confaminafion crisis since mad cow disease. The original source of fhe 
confaminafion fhaf enfered fhe food chain in Belgium now appears fo be 
wasfes of POPs (i.e., PGB oils), which have possibly been illegally disposed of 
and found fheir way info food oils. 

If is known fhaf fhese chemicals affecf growfh and development immune 
funcfion, neurological funcfion, reproducfion, and induce mufafions and 
cancers (hanger ef al. 2009, Li ef al. 2006, Safe and Zacharewski 1997, While 
ef al. 1994). The levels of chemical confaminanfs defecfed in human breasf 
milk are of parficular concern because of fhe pofenfial healfh risk fo fhe 
nursing baby (LaKind ef al. 2008). During fhe lacfafion period, PGB frans- 
fer via breasf milk was shown fo lower fhe body pollufanf burden of fhe 
mofher buf cause a simulfaneous increase in fhe body pollufanf burden of 
fhe infanf (Duarfe-Davidson and Jones 1994). More imporfanfly, fhe defec- 
fion of fhe pollufanfs in human milk and placenfa samples revealed fhe risk 
of pollufanf fransfer from mofhers fo infanfs (Ghan ef al. 2007, Doucef ef al. 
2009, Wong ef al. 2005). Developmenfal, neurological, musculoskelefal, and 
behavioral abnormalifies have been documenfed in fhe children born affer 
fheir mofher's consumpfion of PGB/PGDF-confaminafed rice oil (Ghen and 
Hsu 1994, Guo ef al. 1994a,b, Honda ef al. 2009, Kanagawa ef al. 2008, Lai ef al. 
1994, Tsukimori ef al. 2008). 



Environmental Pollution and Reproductive Health 

It is generally believed that the exposure to environmental pollutants is 
one of the culprits behind reproductive problems worldwide. This relation- 
ship has long been established on the basis of the body pollutant burdens' 
association with reproductive dysfunction as found in wildlife, animal, and 
human studies. Adverse biological effects on male reproductive function 
were first reported in wild animals, whereas an accidental exposure to estro- 
genic pollutants caused feminization or changes in reproductive behavior in 
the animals (Vos et al. 2000). For example, in the 1980s, the adult male alliga- 
tors in Apopka Lake that were exposed to agricultural wastes produced low 
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testosterone levels and presented with micropenis and disorganized testes 
(Guillette et al. 1994, 1995, Guillette and Guillette 1996). Other reports also 
highlighted the pathophysiological consequences of chemical exposures 
that affect reproductive functions in mammals, bird, amphibian, and fish 
(Aravindakshan ef al. 2004, Barnhoorn ef al. 2004, De Guise ef al. 1994, Fry 
1995, Hayes ef al. 2003, Jobling ef al. 2002, Mansfield and Land 2002, Oskam 
ef al. 2003). 

In human epidemiologic sfudy, a significanf reducfion in fhe rafio of "male 
birfh fo fofal number of birfh" was recorded in fhe Aamjiwnaang Firsf 
Nafion communify (areas close fo indusfrial areas) in Ganada (Mackenzie 
ef al. 2005). During fhe episode of PGBs and dioxin food confaminafion in 
Belgium in fhe year 1999, a sfudy of reproducfive sfafus in local male popu- 
lafion indicafed fhaf fhe rise of serum dioxin levels were associafed wifh 
a decrease of serum fesfosferone levels and a reducfion of semen volume 
(Dhooge ef al. 2006). Occupafional sfudy also revealed fhaf fhe exposure fo 
phfhalafe (subsfances added fo plasfics fo increase fheir flexibilify) caused 
significanf reducfion of serum fesfosferone level (Pan ef al. 2006). In addifion, 
epidemiological sfudies reporfed an increased risk of genifal malformafions 
and cryptorchidism in children of workers who were exposed fo pesficides 
(Garcia-Rodriguez ef al. 1996, Weidner ef al. 1998). Gollecfively, fhe reporfs 
have confirmed fhe associafion befween reproducfive disorders and fhe 
accumulafion of environmenfal pollufanfs. 



Endocrine Disrupters and Their General Mechanistic Actions 

Most of the pollutants are known as endocrine disrupters (EDs) (Grows and 
McLachlan 2006). EDs can affect the hormonal system via (but not limited 
to) estrogenic, androgenic, antiandrogenic, and antithyroid mechanisms 
and/or modulation of steroidogenesis/steroid metabolism (Phillips et al. 
2008, Phillips and Foster 2008b). With the benefit of hindsight, the endocrine- 
disrupting effects of environmental contaminants have been shown to 
impose acute and/or long-term effect on animal development. As the most 
toxic man-made pollutant, dioxins are known to impose biological effects 
via the aryl hydrocarbon receptor (AhR), which belongs to a member of 
the basic helix-loop-helix/Per-Arnt-Sim (bHLH/PAS) family of transcrip- 
tion factors. AhR exhibits its transcriptional activity primarily via ligand- 
dependent nuclear translocation (Mimura and Fujii-Kuriyama 2003). The 
role of AhR in mediating dioxins-elicited developmental toxicity has been 
demonstrated using zebrafish model (Garney et al. 2006, Prasch et al. 2003). 
Other AhR-mediated regulatory functions include the modulation of other 
transcriptional factors, including Rb/E2F, NFkB, and the estrogen (ERa and 
ER[3) and androgen receptors (Beischlag and Perdew 2005, Matthews et al. 
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2005, Ohtake et al. 2003, 2007, Puga et al. 2000, Vogel et al. 2007, Wormke et al. 
2003). Due to the unavailability of the AhR x-ray crystal structure, quantita- 
tive structure-activity relationship (QSAR) models have been used for fhe 
binding predicfion for virfual screening. Comparafive molecular field anal- 
ysis (CoMFA), VolSurf, and Hologram QSAR (HQSAR) models have been 
consfrucfed using a fraining sef of 84 AhR ligands (Aravindakshan ef al. 
2004, Lo ef al. 2006, Tuppurainen and Ruuskanen 2000). The resulfs showed 
fhaf CoMFA, VolSurf, HQSAR, and fhe hybrid models give good correlafion. 
Since fhe fechniques analyzed show a good predicfion qualify againsf an 
exfernal fesf sef, parficularly fhe HQSAR and fhe hybrid model, fhese mod- 
els were concluded fo be able fo predicf AhR binding in virfual screening. 

Compared fo dioxin/AhR-mediafed acfions, confaminanfs fhaf cause 
esfrogenic and/or anfiesfrogenic acfivifies were shown fo have sfriking 
effecf on animals, demonsfrafing fhe power of esfrogen in environmenfal 
signaling (McLachlan 2001). If is parficularly frue when we look af various 
domains in an evolufionary perspecfive; fhe DNA-binding domain and fhe 
ligand-binding domain of esfrogen recepfor-a (ERa) are conserved across 
mefazoans (McLachlan 1993, Thornton ef al. 2003). Global environmenfal 
confaminanfs, PQPs (i.e., dichlorodiphenyl-frichloroefhane [DDT], hydroxyl- 
afed PCBs, bis-phenol A, p-nonylphenol, and dioxins), and heavy mefals (i.e., 
cadmium and mercury) can exhibif eifher or bofh esfrogenic and androgenic 
acfivifies (Johnson ef al. 2003, Marfin ef al. 2003, McLachlan 2001). Some 
newly idenfified emerging confaminanfs, like perfluorinafed compounds 
(PFQA) and flame refardanfs, were also reporfed fo possess esfrogenic acfivi- 
fies (Maras ef al. 2006, Meerfs ef al. 2001). More imporfanfly, nongenomic 
rapid xenoesfrogen acfions were demonsfrafed when fhe xenoesfrogens bind 
fo a common membrane binding sife fhaf has fhe pharmacological profile of 
fhe y-adrenergic recepfor (Nadal ef al. 2000). 



Endocrine Disrupters and Their Effects on Animal Fertility 

Mammalian spermatogenesis and folliculogenesis are characterized by 
a complicated cascade of processes that occur due to the influence of the 
hypothalamus-pituitary-gonadal axis as well as the de novo auto/paracrine 
circuit. The fundamental role of the hormones involved is to enable a coor- 
dinated regulation of the processes that allow for the development of highly 
differentiated spermatozoa and the selection of the fitness oocyte for ovu- 
lation. Any interruption of the hormonally mediated regulation, the con- 
stituents of the microenvironments in seminiferous tubules, and developing 
follicles may result in a transient/long-term modification of the hormonal 
feedback circuitry, disturbance of gametogenesis, and possibly the epigen- 
etic modification of the gametes/germ cells. 
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Using in utero and lactational exposure studies in rodent models, toxicities 
of TCDD (pg/kg) at the early stage of animal developmenf were reporfed. In 
female progenies, TCDD disrupfed regular esfrous cycles and inhibifed fhe 
onsef of ovulafion (Li ef al. 1995, Salisbury and Marcinkiewicz 2002). In male 
offsprings, a reducfion in sperm counf per cauda epididymis and an increase 
in fhe number of abnormal sperm producfion af adulfhood were observed 
(Bjerke and Peferson 1994, Faqi ef al. 1998, Mably ef al. 1992). Mosf of fhe male 
progenies were characferized by reduced size of sex accessory glands (Bjerke 
and Peferson 1994, Gray ef al. 1995, Mably ef al. 1992, Theobald and Peferson 
1997). In addifion fo fhese, fhere are ofher sfudies fhaf scrufinized fhe biolog- 
ical consequences in posfnafal animals fhaf received infraperifoneal injec- 
fion of TCDD (pg/kg body weighf). Those sfudies demonsfrafed fhaf TCDD 
alfered fhe process of fesficular sferoidogenesis and caused a reducfion of 
Leydig cell volume and number (Johnson ef al. 1992, 1994, Wilker ef al. 1995). 
Defrimenfal effecfs on Sertoli and germ cells of raf fesfes, such as reducfion 
of infercellular confacf of neighboring cells, disrupfion of germ cell develop- 
menf, decreased of spermafogenesis, deplefion of anfioxidanf enzymes, and 
increase in fhe levels of lipid peroxidafion were observed (Chahoud ef al. 
1992, Lafchoumycandane ef al. 2002a,b, Mably ef al. 1992, Peferson ef al. 1993, 
Rune ef al. 1991). If is generally believed fhaf fhe adverse effecfs exerted by 
TCDD on fhe male reproducfive funcfions are manifold and pleiofropic. Af 
fhe molecular levels, EDs inferrupf infracellular signaling pafhways, lead- 
ing fo fhe misinferprefafion of cellular signals and, fherefore, fhe modifica- 
fion of cell funcfions. We have demonsfrafed effecfs of dioxin in modulafing 
fhe expressions of raf Sertoli cell secrefory producfs and protein markers for 
cell-cell inferacfion (Lai ef al. 2005a). In addifion, fhe synfhesis and secrefion 
of progesferone and testosterone were considerably suppressed in dioxin- 
freafed Leydig cells (Lai ef al. 2005b). 

The presence of dioxins in human follicular fluid was reporfed (Tsufsumi 
ef al. 1998). Adverse effecfs of EDs in spermafogenesis and folliculogenesis 
were demonsfrafed in many sfudies (Baldridge ef al. 2003, Guilleffe and 
Moore 2006, Phillips and Tanphaichifr 2008, Sheweifa ef al. 2005, Uzumcu 
and Zachow 2007). Effecf of EDs fo meiofic nondisjuncfion in human oocyfes 
was idenfified (Czeizel ef al. 1993, Hunf ef al. 2003). More significanfly, fhe 
expression of AhR, esfrogen recepfor-a (ERa), and esfrogen recepfor-(3 (ER(3) 
have been defecfed in mouse preimplanfafion embryos, indicafing fhaf EDs 
presenf in reproducfive fluids can modulafe fhe genomic acfions via infra- 
cellular AhR and ERs, affecfing embryonic developmenf (Hiroi ef al. 1999, 
Refers and Wiley 1995). In fhis regard, fhe adverse biological effecfs may 
be reflecfed in fhe processes of ferfilizafion, blasfocysf developmenf, and 
implanfafion. Probably, fhese effecfs can possibly be manifesfed fransgen- 
erafionally (Hunf ef al. 2003, Nomura 2008, Phillips and Tanphaichifr 2008, 
Taylor 2008, Weselak ef al. 2008). In organism levels, fhe disfurbance may 
lead fo inferfilify, birfh defecfs, precocious puberfy and reproducfive can- 
cers in fhe nexf generafions, and hence animal perpefuafion (Henley and 
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Korach 2006, Phillips and Foster 2008a,b). According to the 2001 WHO report, 
at least 80 million worldwide were estimated to be affected by infertility. 
Among those, more than 10% of inferfilify cases cannof be explained medi- 
cally, which is probably affribufed fo fhe chronic exposure fo low level of 
environmenfal pollufanfs, as early as in utero. Therefore, research is needed 
fo elucidafe fhe role and fhe mechanisfic acfions of pollufanfs in wildlife 
and humans, for fhe profecfion of our fufure generafions from reproducfive 
problems. 



Endocrine Disrupters and Their Effects on Embryo 
Development and Epigenomic Modification 

There is increasing epidemiological evidence to suggest that environmental 
exposure to EDs early in the fetal development has a role in susceptibility to 
reproductive dysfunction and disease in later life (Jirtle and Skinner 2007). 
Interestingly, numerous protection strategies have been identified in animal 
embryos to provide robustness for buffering the developmental processes in 
response to changing stress conditions (Hamdoun and Epel 2007). Although 
cellular mechanisms in embryos can buffer the stress encountered, expo- 
sure to highly bioactive chemicals/pollutants may overwhelm this intrin- 
sic robustness. We have learned the lesson from human exposure to the 
synthetic estrogen, diethylstilbestrol, and thalidomide; these can induce 
changes in the development of reproductive tract in male and female off- 
spring, lower sperm counts, increase incidence of vaginal cancer, and cause 
severe developmental malformations (Finnell et al. 2002, Rubin 2007). In ani- 
mal study that used rodents reported the link between prenatal exposure 
to several phthalates and a shortening of the anogenital index (Swan et al. 
2005). These examples illustrate that the placenta cannot provide complete 
protection to the developmental fetus. The leakage of environmental tox- 
ins via placenta barriers to developmental fetus has been reported (Couture 
et al. 1990, Safe 1990). 

Using in utero exposure studies in rodent models as well, transient expo- 
sure of gestating female rats to a fungicide (i.e., vinclozolin) or a pesticide 
(methoxychlor, a substitute for DDT), between E8 and E15, decreased sper- 
matogenic capacity and increased infertility in male offspring. These effects 
were found to be manifested via an alternation of DNA methylation patterns 
in germ line, leading to changes in embryonic testis transcriptome in sub- 
sequent generations (Anway et al. 2005, Anway and Skinner 2008, Jirtle and 
Skinner 2007). Other reports demonstrated that the exposure of preimplanta- 
tion embryo to dioxin caused an increase in the cellular methyltransferase 
activity (Wu et al. 2004), establishing a possible link between EDs and epi- 
genetic modification. More recently, Jirtle 's group demonstrated that rodents' 
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maternal oral exposure to bisphenol A shifted the coat color distribution in 
mouse offspring by decreasing CpG mefhylafion in fhe Agouti gene (Dolinoy 
ef al. 2007). Alfhough such observafions are evidenf of fhe adverse effecfs 
caused by EDs, fhe mechanisfic role of EDs in fhe modificafion of epigenome 
remains largely nof known (Crews and McLachlan 2006). 

Since DNA mefhylafion and chromafin patterning is programmed dur- 
ing early development fhe mosf suscepfible window falls in fhe mefhylafion 
sfafe of fhe genome, which in general leads fo reprogramming (Warnecke 
ef al. 1998). The fime windows include (1) fhe developmenf of preimplan- 
fafion embryo, and (2) fhe developmenf of germ cells closer fo indifferenf 
gonads. Only cerfain genomic regions (i.e., imprinfed genes) are profecfed 
from demefhylafion and are mainfained during embryogenesis (Bartolomei 
and Tilghman 1997, Olek and Waller 1997, Sanford ef al. 1987, Tremblay ef al. 
1997, Warnecke ef al. 1998). The remefhylafion of fhe germ cells appears fo 
be dependenf on fhe germ cells' associafion wifh gonadal somafic cells (i.e., 
precursor Sertoli cells and fubular myoid cells). Alfhough sferoid hormones 
are nof produced in gonads af fhis early sfage of developmenf, sferoid hor- 
mone recepfors, like androgen receptor, ERa, and/or ER(3, are expressed in 
Leydig cells, Serfoli cells, and germ cells (Delbes ef al. 2006, Greco ef al. 1992, 
Jefferson ef al. 2000, Jirfle and Skinner 2007, O'Donnell ef al. 2001, Saunders 
ef al. 1998, 2001, van Pelf ef al. 1999). Therefore, any exogenous factor acfing 
on fhese cells af fhe fime of reprogramming of fhe genome mefhylafion sfafe 
inevifably alters fhe epigenefic modificafion of fhe germ line. Consequenfly, 
fransgenerafional fransmission of an alfered phenofype or genefic fraif 
appears. 



Conclusion and Future Recommendation 

Environmental pollutant exposure poses a potential risk for human health. 
Epidemiological and laboratory studies have demonstrated adverse effects 
of such exposure on animal and human fertility as well as in embryonic 
development. A recent study has indicated that pollutant exposure can affect 
the reproductive health of future generations (Anway ef al. 2005). It will be 
beneficial to establish the analytical and computational techniques, together 
with the in vitro and animal models, to provide an analysis platform that 
can reveal the "structure-activity" relationship of common and emerging 
hazardous chemical pollutants and to establish risk assessment systems to 
understand the mechanistic actions of endocrine-disrupting contaminants 
that affect human reproductive and developmental potentials. It has been 
proposed that dioxins and pollutants with estrogenic- or antiestrogenic- 
like activities can have the most striking effect on reproductive health. The 
newly emerged ED contaminants (i.e., bisphenol A, flame retardants, and 




54 



Environmental Contamination 



perfluorooctanoic acid) are ubiquitous and possess dioxin-like and/or estro- 
genic activities. Although a considerable number of studies have reported 
their environmental contamination profiles as well as invesfigafed fheir 
general foxicifies, fhe informafion on fhe "sfrucfure-acfivify" relafionship 
of mosf of fhe idenfified hazardous chemical pollufanfs is nof yef known 
sysfemafically. One way fo gain a deeper undersfanding of fhe sfrucfural 
aspecfs of ED, in order fo characferize ifs mechanisms, is fo use an approach 
commonly known as quanfifafive sfrucfure-acfivify relafionship (QSAR). 
As is well-known, QSAR is considerably dependenf on fhe exacf fraining/ 
fesf sefs and fhe parficular bioassay being monitored, and we affempfed fo 
build a 2D-/3D-model based on a selected fraining/fesf sef of chemicals of 
regional imporfance and wifh parficular bioacfivifies. 

Among differenf food ifems, if was found fhaf if is fish fhaf has highesf 
accumulated levels of pollufanfs in fhe food chain and in fhe environmenf. 
Thus, diefary infake of fish is fhe major source of endocrine-disrupfing con- 
faminanfs (Brusfad ef al. 2008, Dovydaifis 2008, Genuis 2008). If is anficipafed 
fhaf fhe body burden of EDs can inferfere wifh fhe gonadofropin-ovary- 
placenfa axis of female animals, inducing adverse changes via modulafion 
of processes such as gamefogenesis, ferfilizafion, and embryo implanfafion 
and developmenf. If is imporfanf fo invesfigafe fhe effecfs of ED exposure 
parficularly on animal ferfilify and embryo developmenf. These approaches 
provide invaluable informafion fo evaluate fhe mosf suscepfible sfage of fhe 
embryos af which normal embryonic developmenf is significanfly affecfed 
by EDs. Hopefully fhis can provide insighfs info possible fransgenerafion 
effecfs of in utero ED exposure. 
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Introduction 

The widespread switch from microbiologically unsafe surface water to 
microbiologically safe groundwater has led to the unanticipated poisoning 
of large numbers of people in the developing world who have consumed 
various toxic trace elements. In particular, elevated concentrations of arsenic 
in groundwater have been reported in Taiwan (Tseng 1977, Tseng et al. 1968), 
West Bengal (India), and Bangladesh (Das et al. 1994, Mandal et al. 1998, 
Nickson et al. 1998), resulting in a major public health issue. In Bangladesh 
and West Bengal (India), it is estimated that approximately 40 million peo- 
ple are suffering from drinking naturally occurring arsenic-rich shallow 
groundwater (Gault et al. 2008). Despite these concerns, groundwater is 
still a major source of drinking water in the developing world, especially in 
Southeast Asia. Recently, unsafe levels of arsenic have also been revealed in 



63 




64 



Environmental Contamination 



Vietnam (Berg et al. 2001, 2007, Buschmann et al. 2007, Nguyen et al. 2009) 
and Cambodia (JICA 1999, Polya et al. 2003). Individuals can be exposed to 
arsenic through several pathways, but the most critical one is daily diet and 
drinking water ingestion. Toxicological studies show that both trivalent and 
pentavalent soluble arsenic compounds are rapidly absorbed from the gastro- 
intestinal tract and can be further metabolized. Reduction of As (V) fo As (III) 
followed by oxidafive mefhylafion of As (III) fakes place fo form mono-, di-, 
or frimefhylafed producfs (Hughes 2002). Oral pafhway exposure of organic 
arsenic compounds is less toxic since organic arsenicals are less extensively 
mefabolized and more rapidly eliminafed in urine fhan inorganic arsenicals 
(ATSDR 2007, WHO 2004). There is no evidence fhaf arsenic is essenfial in 
human bodies. In confrasf, chronic oral consumpfion of arsenic is consid- 
ered fo cause an adverse impacf on human beings, known as "arsenicosis" 
or "arsenic poisoning disease." Arsenicosis can cause skin lesions, pigmen- 
fafion of fhe skin, and fhe developmenf of hard pafches of skin on fhe palm 
of fhe hands and soles of fhe feef. Arsenic poisoning finally leads fo skin, 
bladder, kidney, and lung cancers, as well as diseases of fhe blood vessels of 
fhe legs and feef. Diabetes, high blood pressure, and reproducfive disorders 
may also be fhe side effecfs of chronic arsenic exposure (ATSDR 2007, Tseng 
1977, WHO 2004). In Cambodia, unsafe levels of arsenic in shallow ground- 
wafer were firsf reported by JICA (1999) in ifs firsf unpublished draff reporf 
named "The sfudy on groundwafer developmenf in Soufhern Cambodia" 
fo fhe Cambodia Minisfry of Rural Developmenf. Consequenfly, numer- 
ous sfudies have been conducfed and documenfed. Polya ef al. (2003, 2005), 
Sfanger ef al. (2005), Berg ef al. (2007), Buschmann ef al. (2007), Quicksall 
ef al. (2008), Sfhiannopkao ef al. (2008), and Luu ef al. (2009) have described 
fhe disfribufion of arsenic in shallow Cambodian groundwafer. The chemi- 
cal, biological, and physical processes fhaf confrol fhe heterogeneous arsenic 
disfribufion in groundwafer have also been widely sfudied (Benner ef al. 
2008, Berg ef al. 2007, Buschmann ef al. 2007, Kocar ef al. 2008, Lear ef al. 2007, 
Polizzoffo ef al. 2008, Polya ef al. 2003, 2005, Robinson ef al. 2009, Rowland 
ef al. 2008). Arsenic freafmenf sysfems, modified from fradifional sand fil- 
fers, have also been developed fo enhance arsenic removal from groundwa- 
fer following seasonal and spafial variafions in groundwafer composifion 
(Chiew ef al. 2009). In addifion, sfudies of baseline concenfrafions of As in 
human hairs, nails, and urine have been used fo assess pofenfial biomarkers 
of As exposure (Berg ef al. 2007, Gaulf ef al. 2008, Kubofa ef al. 2006, Sampson 
ef al. 2008). The developmenf of visual arsenicosis symptoms have been gen- 
erally assumed fo follow 8-10 years of consumpfion of wafer wifh unsafe 
level of arsenic; however, new cases discovered in Cambodia have followed 
exposure fimes as shorf as 3 years, due fo exfremely elevafed arsenic levels 
(3500 pg/L), socioeconomic sfafus, and malnufrifion (Sampson ef al. 2008). In 
Kandal alone, by using groundwafer qualify and populafion dafa, Sampson 
ef al. (2008) have esfimafed fhaf 100,000 people are af high risk of chronic 
arsenic exposure. The objecfives of fhe presenf sfudy were (1) fo determine 
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the distribution of toxic trace elements in groundwater of fhe Mekong River 
basin of Cambodia, (2) fo assess carcinogenic and noncarcinogenic risks 
among fhe populafion exposed fo arsenic fhrough groundwafer drinking 
pafhway, and (3) fo defermine fhe arsenic confenf in scalp hair of fhe people 
living in fhe Mekong River basin. 



Materials and Methods 
Study Area 

Sampling was carried out within three purposely selected areas with dif- 
ferent arsenic exposure scenarios in the Mekong River basin of Cambodia. 
Kampong Kong commune (Freak Russey and Lvea Toung villages) in 
Kandal province was selected as an extremely contaminated area. Khsarch 
Andaet commune (Freak Samrong 1 and II villages) in Kratie province was 
selected as a moderately contaminated area, and Ampil commune (Andoung 
Chros and Veal Sbov villages) in Kampong Cham province was selected as 
an uncontaminated area. Kratie and Kampong Cham provinces are located 
along the Mekong River, upstream of Fhnom Fenh, whereas Kandal prov- 
ince is located between the Mekong and the Bassac Rivers, downstream of 
Fhnom Fenh (Figure 5.1). 



Field Sampling 

Groundwater samples were collected from the study areas of Kandal (n=46) 
and Kampong Cham (n=18) in February 2009 and Kratie province (n=12) 
in August 2009. Concurrently, in the first batch of sampling, some scalp hair 
specimens were also sampled from the study areas of Kandal and Kampong 
Cham provinces, and the remainders were collected in the second batch. 
Sampling was conducted based on the accessibilities to tube wells, the will- 
ingness of respondents to provide hair samples, and respondents' claims of 
tube-well use for a certain period of time. Each groundwater sample was 
collected from a tube well after 5-10 min of flushing to remove any standing 
water from the tube. Groundwater was filled in two separate polyethylene 
bottles for different purposes of analyses. Raw samples (no pretreatment) 
were analyzed for total arsenic. Filtered water samples (0.45 pm pore sized 
membrane filter) were analyzed for the trace elements. Simultaneously, 
onsite measurements for additional parameters were conducted by using a 
HORIBA pH/Cond meter D-54 for pH and Eh. During field sampling, all of the 
collected water samples were kept in an ice box and were then transferred 
to a refrigerator where they were stored at 4°G until delivery to GIST, South 
Korea, for analysis. Hair samples were randomly collected from several 
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FIGURE 5.1 

Map of study areas. (From Sthiannopkao, S. et al., Appl. Geochem., 23, 1086, 2008.) 
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members of each household where people claimed to routinely use a tube 
well. Hair was cut from the nape of the head, as near as possible to the scalp, 
using stainless steel scissors. The collected hair samples were kept in labeled 
ziplock bags and stored in darkness until analyses. 



Sample Analyses 

Groundwater samples from the Kandal province study area were diluted to 
analyze the concentrations of total As, Mn, and Ba. Dilution (1:25) was made 
for the final concentration of aliquots to meet the standard calibration curve 
as recommended by ICP-MS analytical technique. Dilution was done with 
2% HNO 3 (prepared by 18.2 M£2 MilliQ deionized water with 70% HNO 3 ). 
Similarly, some samples from the Kratie province study area were treated in 
the same manner, whereas all of groundwater samples from the Kampong 
Cham study area were analyzed without any treatment, aside from centri- 
fuging for total arsenic analysis. Hair specimens were cut into small pieces 
(~0.3cm) and washed with the recommended method (Ryabukhin 1978). 
Washed hair specimens were dried at 60°C overnight prior to digestion. Acid 
digestion was performed using a slightly modified version of the method 
described by Gault et al. (2008). Approximately 100 ± 5 mg of two replicated 
subsamples of each dry-washed hair sample were weighed into acid-cleaned 
polyethylene tubes. One milliliter of concentrated HNO 3 (70% HNO 3 ) was 
added to each sample, and tubes were capped and left at room temperature. 
After 48 h, the digestate was diluted with 9mL of deionized water and cen- 
trifuged at 4500 rpm for 10 min, after which the supernatant was transferred 
into a fresh acid-cleaned polyethylene tube. A human hair standard refer- 
ence material (GBW07601) was treated in the same manner as the samples 
to check the precision and accuracy of digestion method. Galibration stan- 
dard solutions (0.1, 1, 5, 10, 20, 50, and 100 pg/L) were prepared from a stock 
solution (multielement 2A) with the above 2% HNO 3 . Goncentrations of total 
arsenic, manganese, and barium were analyzed by inductively coupled 
plasma mass spectrometry (IGP-MS, Agilent 7500ce). Iron concentrations 
were determined by flame atomic absorption spectrometry (Flame-AAS, 
Perkin Elmer 5100). 



Statistical Analysis 

An SPSS for Windows (Version 13.0) was used to perform all statistical 
analyses on the data. Since the experimental data sets were not normally 
distributed, nonparametric tests were performed. Kruskal-Wallis test was 
used to investigate the regional differences of the arsenic and trace ele- 
ment concentrations in groundwater (As„), the average daily dose (ADD) 
of arsenic, and the arsenic contents in scalp hair (AsJ. Goncurrently, 
Mann-Whitney's U test was performed to verify the gender differences of 
ADD and Asi,. In addition, Spearman's rho correlation was conducted to 
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determine the intercorrelations between As^^, As^, ADD, hazard quotient 
(HQ), cancer risk (R), body weight (BW), IR, exposure duration (ED), gen- 
der, and age groups. Significance was considered in circumstances where 
p<0.05. 



Results and Discussion 
Chemistry of Cambodia Groundwater 

The results from chemical measurements of Cambodia groundwater 
are presented in Table 5.1. In the Kampong Cham province study area, 
groundwater was slightly acidic with a pH range of 6.21-6.96. High Eh val- 
ues (164.5-319 mV) indicated that the groundwater was under oxidizing 
conditions. In contrast, groundwater from Kandal and Kratie study areas 
was quite similar; it had circumneutral pH and was under reducing condi- 
tions (low Eh values). Reducing condition might favor the dissolution of 
toxic trace elements from sediments to pore water. A significant regional 
difference was observed in As, Mn, Ee, and Ba concentrations in ground- 
water among the three study areas (Kruskal-Wallis test, p< 0.0001). In the 
Kandal province study area, analytical results indicate that groundwater 



TABLE 5.1 



Mean, Median, Standard Deviation, and Min and Max of Groundwater Analyzed 
in "Kandal," "Kratie," and "Kampong Cham" Provinces 



Study Area 


Statistics 


pH 


Eh 

(mV) 


Ba 

(Hg/L) 


Fe 

(Bg/U 


Mn 

(Bg/U 


Tot As 
(Bg/L) 


Kandal (n = 46) 


Mean 


7.17 


-151.67 


1028.26 


5,901.9 


584.23 


846.14 




Median 


7.13 


-154.75 


872.38 


5,564.2 


405.75 


822.63 




SD 


0.26 


20.27 


477.74 


3,017.6 


516.49 


298.11 




Min 


6.58 


-189.00 


446.25 


1,367.4 


88.18 


247.08 




Max 


7.85 


-55.00 


2652.50 


17,134.5 


3045.00 


1841.50 


Kratie (n = 12) 


Mean 


6.48 


-116.70 


102.38 


899.2 


588.71 


22.22 




Median 


6.36 


-101.35 


64.45 


74.8 


274.45 


1.30 




SD 


0.73 


37.34 


102.96 


1,895.7 


750.98 


43.89 




Min 


5.53 


-169.85 


0.25 


0.7 


0.33 


0.12 




Max 


7.37 


-57.95 


359.90 


5,114.0 


2139.00 


140.60 


Kampong 


Mean 


6.75 


221.44 


18.56 


16.5 


4.31 


1.28 


Cham (n = 18) 


Median 


6.84 


200.50 


18.06 


15.8 


0.81 


1.22 




SD 


0.23 


46.27 


10.08 


13.1 


8.16 


0.58 




Min 


6.21 


164.50 


4.04 


2.2 


0.22 


0.12 




Max 


6.96 


319.00 


47.40 


59.8 


26.26 


2.37 



Source: Sthiannopkao, S. et al., Appl. Geochem., 23, 1086, 2008. 

Tot As, Total As; SD, Standard deviation; Max, Maximum; Min, Minimum. 
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was extremely polluted. This might be due to the low-relief topography with 
organic-rich Holocene alluvial sediment deposits (Buschmann et al. 2007). 

dating and regional history showed that the age of aquifer, and associ- 
afed sedimenfary organic carbon, was greafer fhan 6000 years, and fhe aver- 
age annual clay layer deposif was found fo be 3.3 mm (Polizzoffo ef al. 2008). 
Arsenic concenfrafions in groundwafer ranged from 247.08 fo 1841.50 pg/L 
(n = 46, average 846.14 pg/L), wifh all of fhe observed wells exceeding fhe 
Cambodian drinking wafer sfandard of 50pg/L; Mn concenfrafions were 
584.23 ± 516.49 pg/L (mean ± a) wifh 52%>400pg/L; Fe concenfrafions were 
5901.93 ± 3017.64 pg/L (mean ± a), wifh 100% exceeding fhe 300 pg/L regu- 
lafion; and Ba concenfrafions were 1028.26 ± 477.75 pg/L (mean ± a), wifh 
74% >700 pg/L. Ouf of fhe 12 observed wells in fhe Krafie province sfudy 
area, a quarfer were found wifh elevafed arsenic levels and anofher quar- 
fer had Mn> 400 pg/L, whereas groundwafer samples from fhe Kampong 
Cham sfudy area were relafively clean, wifh arsenic concenfrafions less 
fhan WHO's guideline of 10 pg/L and no toxic frace elemenfs found wifh 
elevafed levels. 

Common manganese minerals are secondary deposifs of oxides Mn02 
(pyrolusife) and Mn 304 (hausmanife) and carbonafes MnCOj (rhodochro- 
sife) (Greenwood and Earnshaw 1997). However, fhe mechanisms involved 
in manganese release fo fhe aqueous phase remain unclear. Recenfly, if has 
been reported fhaf, under anaerobic condifions, some microorganisms can 
ufilize Mn (IV) as an elecfron acceptor fo oxidize elemenfal sulfur fo sulfafe 
(Prescoff ef al. 2002). This microbial acfivify mighf link fhe sulfur cycle fo 
fhe Mn cycle. This finding supporfs fhe nofion fhaf Mn02 is reduced; Mn 
(II) is consequenfly released fo pore wafer under fhe reducing condifions, 
which could be harmful fo human beings, as in fhe cases of fhe Kandal 
and Krafie province sfudy areas. Moreover, human and ofher animals can 
acquire Mn, an essenfial elemenf for mefabolism pafhways, fhrough many 
food sources (WHO 2004). However, an excess or deficiency of Mn can cause 
adverse effecfs. Neurological disorders resulfing from drinking very high 
levels of Mn have been reported in epidemiological sfudies (WHO 2004). 
Barium is a frace elemenf presenf in igneous and sedimenfary rocks. The 
mosf common barium mineral is BaS 04 (Barife) (Greenwood and Earnshaw 
1997). To dale, barium has nof been proven fo be carcinogenic or mufagenic, 
alfhough drinking barium-confaminafed wafer mighf lead fo hyperfension 
(WHO 2004). 



Arsenic Risk Assessment 

A healfh risk assessmenf model derived from fhe USEPA (Infegrafed Risk 
Informafion Sysfem — IRIS: arsenic, inorganic, GASRN 7440-38-2, 1998) was 
applied fo compufe fhe noncarcinogenic and carcinogenic effecfs on indi- 
viduals who consume groundwafer as fheir drinking wafer source: 
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ADD 



ASw X IR X EF X ED 
ATxBW 



(5.1) 



where 

ADD is the average daily dose from ingestion (mg/kg/day) 
As„ is the arsenic concentration in water (mg/L) 

IR is the water ingestion rate (L/day) 

EF is the exposure frequency (days/year) 

ED is the exposure duration (year) 

AT is the average time/life expectancy (days) 

BW is the body weight (kg) 



HQ = 



ADD 

RfD 



(5.2) 



where 

HQ is the hazard quotient (risk is considered occurring if HQ > 1.00) 

RfD is the oral reference dose (RfD = 3 x 10~^ mg/kg/day) 

R = 1 - exp( - SF X ADD) (5.3) 

where SF is a slope factor, equal to 1.5 mg/kg/day. 

The survey results, which were used in risk computation, are shown in 
Table 5.2, and calculated results of risk assessments are presented in Table 5.3. 
Although there was a significantly regional difference in arsenic uptake of 
residents in each of the study areas (Kruskal-Wallis test, p< 0.0001), no sig- 
nificant difference in gender (Mann-Whitney's U test, p = 0.06 >0.05) and 
age groups (Kruskal-Wallis test, p = 0.24 >0.05) were observed, suggesting 
that individual ADD of arsenic was not affected by the different gender and 
age groups of Cambodia residents; this is likely due to the regional differ- 
ences of arsenic levels in groundwater. A positive significant correlation 
between average arsenic daily dose (ADD) and arsenic levels in ground- 
water (As„) (r^ (568) = 0.92, p < 0.01) and a positive significant correlation of 
ADD with ED (r^ (568) = 0.43, p < 0.0001) were obtained, revealing that ADD 
was correlated with As„ and ED. In addition, negatively significant correla- 
tion between ADD and body weight (BW) (r^ (568) = -0.12, p < 0.01) was also 
observed. However, no significant association between ADD and IR was 
found. This is more likely due to high IR in low arsenic contaminated areas 
(Table 5.2). Recently, Nguyen et al. (2009) reported that Vietnam residents 
who consumed untreated groundwater (As > 100 pg/L) ingested arsenic at 
the rate of 1.1 x 10“^ - 4.3 x 10“^ mg As/kg/day. Saipan and Ruangwises (2009) 
used a duplicate diet study to show that Ronphibun residents of Thailand 
ingested an average 2.1 x 10“^mg As/kg/day. The present study clearly indi- 
cates that residents in the Kandal province study area of Cambodia ingest 




TABLE 5.2 

Summary of Specific Study Area, Sex and Age Groups of Body Weight, Age, Ingestion Rate, and Exposure 
Duration 
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Median 44.0 64.0 1.5 6.5 40.0 65.0 1.5 12.0 56.0 65.0 
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Min 39.0 20.0 1.5 2.0 N/A N/A N/A N/A 50.0 20.0 2.0 2.0 

Max 67.0 29.0 3.0 16.0 N/A N/A N/A N/A 62.0 26.0 2.5 10.0 
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Median 53.5 52.0 2.0 8.0 54.0 56.0 1.5 12.0 60.0 53.0 

SD 6.5 2.5 0.5 5.6 13.6 1.0 0.3 1.0 12.2 1.5 

Min 45.5 50.0 1.0 2.0 48.0 55.0 1.5 11.0 58.0 51.0 

Max 70.0 57.0 3.0 19.0 74.0 57.0 2.0 13.0 80.0 54.0 
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TABLE 5.3 

Summary of Specific Study Area, Sex, and Age Groups of Average Daily Dose of Arsenic, Hazard Quotient, and 
Cancer Risk Probability 

Kandal Kratie Kampong Cham 
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ADD, Average daily dose (mg/kg/ day); HQ, Hazard quotient; R, Cancer risk probability; SD, Standard deviation; Min, Minimum; Max, 
Maximum; N/ A, Not applicable. 
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higher amount of arsenic than those in Vietnam and Thailand. The higher 
IRs of arsenic might result in more significantly adverse health effects. 
Computational results of risk revealed that 98.65% of respondents of Kandal 
posed the potential noncancer effect. In addition, cancer risk index was 
found to be 13.8% > 1 in 100 and 92.59% > 1 in 1000, which exceeded the high- 
est safe standard for cancer risk, 1 in 10,000. The calculation also indicated 
that, in Kratie, 13.48% of respondents were affected by noncancer and 33.71% 
were threatened by cancer in comparison to the highest safe standard. It was 
also found that 93.48% of respondents of Kampong Cham appeared to be at 
risk for carcinogenic effects in comparison to the safe standard for cancer, 
that is, 1 in 1,000,000 (Figure 5.2). The present results corresponded with the 
rapid manifestation of arsenicosis symptoms discovered by Sampson et al. 
(2008). Nguyen et al. (2009) found that approximately 42% of Vietnam resi- 
dents in the contaminated areas could be toxically affected by arsenic and 
that carcinogenic effect had the highest risk index, 5 in 1000. It is apparent 
that the residents in the study area of Kandal province, Cambodia, are suf- 
fering a much higher risk of noncancer and cancer effects. The highest risk 
indices were found 2 in 100, 9 in 10,000, and 3 in 100,000 in Kandal, Kratie, 
and Kampong Cham provinces, respectively. Saipan and Ruangwises (2009) 
through duplicate diet study reported that residents of Ronphibun, Thailand, 
might suffer significant health impact because the risk indices for cancer 
and noncancer were found to be 1.26 x 10“^ and 6.98, which exceeds the safe 
standard for cancer, 1 in 10,000, and typical toxic risk at 1.00, respectively. 
However, cases discovered in the study area of Kandal province, Cambodia, 
were much more risky because the residents in the study area of Kandal 
province were exposed to carcinogenic effect on an average of 5 in 1000, with 
toxic risk index at 11.67. 



Arsenic Content in Scalp Hair 

The results of ICP-MS analyses of acid-digested hair samples revealed that, 
in the Kandal province study area (n = 270), arsenic content in scalp hair (As^) 
ranged from 0.27 to 57.21 pg/g, with mean and median of 6.40 and 4.03 pg/g, 
respectively. Approximately, 78.1% of this group had As,, greater than typical 
arsenic concentration in scalp hair (1.00 pg/g), indicating significant arsenic 
toxicity. Concurrently, in the Kratie province study area (n = 84), As^ ranged 
from 0.05 to 1.42 pg/g with mean of 0.29 pg/g and median of 0.24 pg/g, 
whereas As^ in the Kampong Cham province study area (n = 172) ranged 
from 0.01 to 1.01 pg/g with mean of 0.12 pg/g and median of 0.09 pg/g (Table 
5.4). The upper end of the ranges for the last two groups were higher than 
the typical arsenic concentration, 1.00 pg/g; approximately 1.2% and 0.6% of 
residents in the Kratie and Kampong Cham province study areas, respec- 
tively, indicated arsenic toxicity. However, arsenic content in the scalp hair 
samples collected from the Kandal province residents can be found in other 
studies as well. Gault et al. (2008) reported that arsenic concentration in the 
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Kandal Kratie Kampong chain 

(a) Study area 




Kandal Kratie Kampong cham 

(b) Study area 



FIGURE 5.2 

Risk incidence in the three study area provinces in the Mekong River basin of Cambodia 
through groundwater drinking pathway: (a) toxic risk and (b) carcinogenic risk. (From 
Sthiannopkao, S. et ah, Appl. Geochem., 23, 1086, 2008.) 

scalp hair samples of Kandal province residents ranged from 0.10 to 7.95 pg/g 
(n = 40, median = 0.54 pg/g, mean = 1.41 pg/g); Sampson et al. (2008) reported 
that arsenic concentration in hair samples in Freak Russey village in Kandal 
province, where residents affected with arsenicosis patients were found, 
ranged from 2.1 to 13.94 pg/g (n = 36), with geometric mean of 5.64 pg/g; 
and Mazumder et al. (2009) reported that the arsenic level in scalp hair of 
the same Freak Russey residents, Kandal province, ranged from 0.92 to 
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TABLE 5.4 

Mean, Median, Standard Deviation, and Min and 
Max of Arsenic Content in Scalp Hair in Each of fhe 
Study Areas (pg/g) 





Kandal 


Kratie 


Kampong Cham 


N 


270 


84 


173 


Mean 


6.40 


0.29 


0.12 


Median 


4.03 


0.24 


0.09 


SD 


8.01 


0.21 


0.10 


Min 


0.27 


0.05 


0.01 


Max 


57.21 


1.42 


1.01 



Source: Sthiannopkao, S. et at., Appl. Geochem., 23, 1086, 2008. 
SD, Standard deviation; Min, Minimum; Max, Maximum. 



25.60 pg/g (n=93). The present study reveals elevated arsenic content not 
only in scalp hair samples of Freak Russey residents but also in the samples 
collected from fheir neighborhood village, Lvea Toung village, in Kampong 
Kong commune, Koh Thom disfricf, Kandal province, which indicafes fhaf 
fhe residenfs in fhe Kandal province sfudy area are af high risk of arsenico- 
sis. Similarly, Kubofa ef al. (2006) reporfed fhaf fhe mean value of arsenic 
confenf in Krafie residenfs' scalp hair samples was 1.77 ± 2.94 pg/g (mean ± a); 
in fhis case, 42.6% of hair samples exceeded fhe level of possible indicafion 
of arsenic foxicify (1.00 pg/g), whereas in fhe presenf sfudy only 1.2% of fhe 
samples indicafed an elevafed level of arsenic. 

The variafions of arsenic confenf in scalp hair (As^) are more likely due fo 
differences in arsenic levels in groundwafer (As„) and ADD, which would 
lead fo significanfly differenf arsenic accumulafion levels. Indeed, ground- 
wafer arsenic levels in fhe Kandal province sfudy area in fhe presenf sfudy 
ranged from 247.08 fo 1841.5 pg/L (Table 5.1), a finding fhaf is in agreemenf 
wifh some ofher sfudies fhaf reporfed arsenic levels in comparable range; 
Gaulf ef al. (2008) reporfed fhaf fhe arsenic concenfrafion in fhe groundwafer 
of Kandal province was in fhe range of 0.21-943 pg/L, and Mazumder ef al.'s 
(2009) findings show fhaf fo be in fhe range of 148-286 pg/L. Similarly, in fhe 
presenf sfudy, groundwafer arsenic levels in fhe Krafie province sfudy area 
ranged from 0.12 fo 140.60 pg/L (Table 5.1), whereas a previous sfudy reporfed 
fhaf fhe presence of groundwafer arsenic was in fhe range of <1-886 pg/L 
(Kubofa ef al. 2006). 

Posifive significanf correlafions befween arsenic confenf in scalp hair (AsJ 
and arsenic level in groundwafer (As„) (r^ (525) = 0.75, p< 0.0001) (Figure 
5.3, Table 5.5) and ADD (r^ (525) = 0.74, p < 0.0001) (Figure 5.4, Table 5.5) were 
observed. No significanf differences in gender (Mann-Whifney's U fesf, 
p = 0.45 >0.05) and age groups (Kruskal-Wallis fesf, p = 0.92 >0.05) were 
found, buf significanf regional differences (Kruskal-Wallis fesf, p< 0.0001) 
in fhe arsenic confenf of scalp hair were observed, undoubfedly suggesfing 




Assessing Health Risksfrom Arsenic Intake by Residents in Cambodia 



83 




FIGURE 5.3 

Variation of arsenic content in scalp hair (ASf.) with arsenic concentration in groundwater 
(As„). (From Sthiannopkao, S. et al., Appl. Geochem., 23, 1086, 2008.) 



that the arsenic accumulation in residents' scalp hair, which happens mainly 
through a groundwater drinking pathway, appeared uninfluenced by indi- 
vidual gender and age. A positive significant correlation between arsenic 
content in scalp hair (AsjJ and ED (r^ (525) = 0.15, p<0.01) and a positive, 
nonsignificant correlation with gender (r^ (525) = 0.03, p = 0.45 > 0.05) and age 
group (r^ (525) = 0.01, p = 0.84 >0.05) (Table 5.5) demonstrated that arsenic 
accumulation in scalp hair might be induced by ED rather than individual 
gender and age. However, negative significant correlations of Asj, with body 
weight (r, (525) = -0.10, p = 0.027<0.05) and IR (r, (525) = -0.10, p = 0.026 < 0.05) 
were obtained. The negative association between Asj, and IR might be due to 
high ingestion in low-arsenic-contaminated areas. Our survey questionnaire 
results showed that the residents in the Kampong Cham province study area 
drink groundwater from 0.5 to 4.0L/day (Table 5.2). In West Bengal (India), 
Samanta et al. (2004) reported that the arsenic content in the scalp hair of 
study participants ranged from 0.17 to 14.4 pg/g (n = 44, mean = 3.43 pg/g, 
and median = 2.29 pg/g), whereas Mandal et al. (2003) reported arse- 
nic content in scalp hair samples to be in a range of 0.70-16.2 pg/g (n = 47, 
mean = 4.50 pg/g). In Bangladesh, Karim (2000) presented that arsenic con- 
tent found in scalp hair samples ranged from 1.1 to 19.84 pg/g. Agusa et al. 
(2006) reported that the arsenic content in scalp hair of Vietnam residents 
ranged from 0.09 to 2.77 pg/g. The ranges of arsenic content in scalp hair 
samples analyzed in Bangladesh and West Bengal (India) are comparable to 
that of our present study in Kandal province, whereas the case of Vietnam is 
comparable to our present study in Kratie and Kampong Cham provinces. 
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Average daily dose (mgAs/Kg/day) 



FIGURE 5.4 

Variation of arsenic content in scalp hair (Asj,) with ADD (average daily dose) of arsenic. (From 
Sthiannopkao, S. et al., Appl. Geochem., 23, 1086, 2008.) 



Mazumder et al. (2009) found that approximately 72% of Freak Russey resi- 
dents showed evidences of arsenical skin lesion (pigmentation and/or kera- 
tosis) and the largest number of cases belonged to those in the age group of 
31-45 years. Concurrently, 37% of children aged less than 16 years had skin 
lesions resulting from arsenicosis. The youngest child having the evidence 
of Keratosis and pigmentation was 8 years old, although features such as 
redness and mild thickening of the palms were found only in children aged 
between 4 and 5 years (Mazumder et al. 2009). This finding corresponds to 
our present study results that arsenic contents in scalp hair were found high- 
est in children in the age range of 1-9 followed by adults in the age group of 
30-39 years. 

Although there was a statistically significant positive correlation between 
ASh and ADD, the scatter plot of Figure 5.4 indicates that the arsenic accu- 
mulation rate varies among individuals. Such variations — for example, "low 
ADD, but high arsenic content in scalp hair" or "high ADD, but low arsenic 
content in scalp hair" — might be due to family socioeconomic status, mal- 
nutrition level, individual health status, hygiene, and/or habits in drinking 
water maintenance and storage before consumption. Sampson et al. (2008) 
reported that higher family socioeconomic status and better nutrition could 
reduce physical susceptibility and delay the manifestation of arsenicosis 
symptoms. Moreover, healthier residents with sufficient macro- and micro- 
nutrients might more efficiently remove arsenic from their bodies (Sampson 
et al. 2008). However, some residents might ingest an excessive amount of 
arsenic, not only through groundwater drinking pathway but also through 
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their daily diet. In fact, some residents in the study areas have used arsenic- 
rich groundwater to irrigate their farms as well as fheir rice fields. Therefore, 
fhe acfual ingesfion of arsenic confenf of fhis group would be much higher 
fhan fhaf of fhe groundwafer drinking pafhway alone. Concurrenfly, in 
pracfice, some residenfs did nof consume insfanfly pumped groundwafer. 
Pumped groundwafer may be stored for a period of fime in fradifional wafer 
storage confainers, such as open rainwafer jars, which may lead fo nafural 
oxidafion and precipifafion processes fhaf lower arsenic levels; moreover, 
fhose who have more jars mighf store rainwafer for use fhroughouf fhe dry 
season. In shorf, a number of factors may play a role in arsenic accumulafion 
in fhe bodies of residenfs in fhe Mekong River basin of Cambodia. 



Conclusions 

Analyfical resulfs demonsfrafed fhaf groundwafer in Kandal was more sig- 
nificanfly enriched wifh As, Mn, Fe, and Ba fhan fhaf in Krafie and Kampong 
Cham provinces. Consequenfly, fhe compufafion of risks fhrough drinking 
wafer pafhway indicafed fhaf fhe residenfs of Kandal mighf be exposed fo 
more elevafed toxic and carcinogenic risks fhan fhose of Krafie and Kampong 
Cham. Posifive significanf correlafion befween arsenic confenf in scalp hair 
and arsenic level in groundwafer and individual ADD of arsenic undoubf- 
edly suggested fhaf arsenic accumulafion in Cambodia residenfs' bodies 
was mainly fhrough groundwafer drinking pafhway. Rapid developmenf of 
arsenicosis sympfoms found during a field sampling was closely correlafed 
wifh ofher risk factors such as exfremely high arsenic level in groundwafer 
(As„), ADD, and ED. Arsenic accumulafion rate mighf vary among individu- 
als and/or households owing fo family socioeconomic sfafus and numerous 
ofher facfors, including malnufrifion, individual healfh sfafus, hygiene, and 
good habifs in drinking wafer maintenance and storage, which could lower 
fhe arsenic levels fhrough nafural oxidafion and precipifafion processes. 
Deleterious As concenfrafion found in groundwafer sources in fhe Mekong 
river basin of Cambodia mighf lead fo fhousands of cases of arsenicosis in 
fhe near fufure if remedial acfions are nof faken. 
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Introduction 

Alumina mining and refining is a major indusfry in some counfries. If 
confribufes significanf benefif fo fhe general world economy. Wifh glob- 
ally increasing demand for mineral resources, a concomifanf and ongoing 
increase in mining acfivifies has been faking place globally in recenf years. 
This spur! in growfh is nof wifhouf problems; mining operafions inevifably 
lead fo dusf fall-ouf and chemical exposure, which in furn has given rise fo 
communify complainfs and concerns all over fhe world. 
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Bauxite is screened and washed after mining, in order to remove organ- 
ics and under- or over-sized ore. This ore extraction process generates tail- 
ings predominantly comprised of over- and under-sized bauxife, which may 
consfifufe up fo 30% of fhe mined ore tonnage. Tailings dams are, fherefore, 
required fo be expanded as a roufine parf of fhe mining process. Like mosf 
mining operafions, including dam expansion, fhere will be occasions when 
elevafed levels of dusf occur. A key driver for fhis sfudy was fhe complainfs 
raised by local residenfs living in closer proximify fo such a bauxife sfor- 
age facilify on accounf of dusf fall-ouf and chemical exposure. In addifion fo 
fhe harmful effecfs of dusf parficulafes on human healfh, some mefals and 
mefalloids can also cause adverse healfh effecfs if fhe exposure is excessive, 
parficularly in fhe long ferm. This sfudy is aimed fo idenfify and priorifize 
pofenfial environmenfal hazard fhaf may exisf af a bauxife failings sforage 
facilify, as parf of an overall effecfive managemenf sfrafegy. 

Criferia for fhe rehabilifafion of mine sites in Ausfralia have become more 
sfringenf, given fhe increasing awareness of pofenfial defrimenfal envi- 
ronmenfal effecfs caused by exposure fo mefals and mefalloids fhaf form 
parf of mine wasfe. Relevanf fo fhis reporf under fhe risk assessmenf frame 
(enHealfh 2004), we will evaluate all fhe pafhways fhaf could lead fo expo- 
sure fo bauxife/soil wasfe. 

Where fhere are no specific healfh invesfigafion levels (HILs) for mined 
land, NEPM guideline values exisf for soil. EPHC (fhe Environmenfal Healfh 
Council, Ausfralia) has sef fhe Nafional Environmenfal Profecfion Measure 
(NEPM) for healfh-based invesfigafion levels (HIL) in soil for residenfial sef- 
fings (NEPC 1999); fhe invesfigafion involves defecfing mefal confenf in soil, 
including defecfion of mefals such as arsenic (As) (100 mg/kg), beryllium (Be) 
(20 mg/kg), cadmium (Cd) (20 mg/kg), chromium (Cr”') (12%), chromium 
(Cr''^) (100 mg/kg), cobalf (Co) (100 mg/kg), copper (Cu) (1000 mg/kg), lead 
(Pb) (300 mg/kg), manganese (Mn) (1500 mg/kg), mercury (Hg) (15 mg/kg 
inorganic mercury), nickel (Ni) (600 mg/kg), and Zinc (Zn) (7000 mg/kg), and 
reported urban background level for vanadium (V) (20-500 mg/kg) (NEPC 
1999). The NEPM guideline recommends fhaf furfher invesfigafion be con- 
ducted if fofal elemenfal concenfrafion in soil exceeds fhe HIL. In fhe absence 
of sife-specific bioavailabilify dafa, if is usually assumed fo be 100% for risk 
assessmenf purposes. The advanfage of using sife-specific bioavailabilify dafa 
is fhaf fhey can be used for a more refined risk assessmenf (Ng ef al. 2010). 

Por risk assessmenf, if fhe bioavailabilify of a confaminanf is unknown, 
fhen fhe sfandard precaufionary pracfice encourages fhe use of 100% bio- 
availabilify. This is recognized as a very conservafive approach. A realisfic 
risk-based approach is fo measure bioavailabilify (BA) or, af fhe very leasf, 
fhe bioaccessibilify (BAC) of fhe mefal of inferesf . The concepf of BA and BAC 
is discussed in fhe following. 

The bioavailabilify of heavy mefals and mefalloids from confaminafed land 
has been assessed using mammals, including rodenfs (Ng and Moore 1996, 
Ng ef al. 1998), meadow voles (Pascoe ef al. 1994), dogs (Groen ef al. 1994), 
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pigs (Juhasz et al. 2007), cattle (Bruce et al. 2003), monkeys (Freeman et al. 
1995), humans (Ziegler et al. 1978), and more typically guinea pigs or rabbits 
(Freeman et al. 1993). As part of an environmental health risk assessment 
of mefals (including lead and arsenic) in a residenfial area in Canberra (Ng 
ef al. 1998), arsenic confaminafion af dip sifes, and copper chrome arsenafe- 
confaminafed sife in NSW (Ng and Moore 1996), a raf model was success- 
fully ufilized fo esfimafe fhe pofenfial upfake (bioavailabilify). This can fhen 
be applied fo provide a realisfic risk assessmenf in calculafing fhe pofenfial 
exposure roufe via soil ingesfion. For example, fhe healfh invesfigafion level 
(HIL) for arsenic in soil is sef af 100 mg/kg in Ausfralia (NEPC 1999). If fhe 
arsenic in soil is only 10% bioavailable for absorpfion, fhen fhe real value for 
jusfifying furfher healfh invesfigafion could be 1000 mg As/kg soil and nof 
100 mg As/kg. The convenfional approach assuming fhaf mefals are 100% 
bioavailable for absorpfion is very conservafive and offen gives an overes- 
fimafion of fhe real risk. Animal models have widely been used for defer- 
mining fhe bioavailabilify of mefal confaminafion af super-fund sifes in fhe 
Unifed Sfafes, by environmenfal scienfisfs and engineers. Alfhough animal 
models are regarded as fhe ulfimafe fool for fhe assessmenf of confaminanf 
upfake, in vitro physiologically based exfracfion fesf (PBET) for bioaccessibil- 
ify measuremenf has been gaining momenfum and accepfance as a surro- 
gafe fesf for predicf ing bioavailabilify. The applicaf ion of several such in vitro 
bioaccessibilify assays and fheir validafion againsf an in vivo assay has been 
recenfly reviewed (Ng ef al. 2010). 

In fhis sfudy we ufilized bioaccessibilify dafa as a pragmafic approach for 
a more sfrucfured and holisfic assessmenf of healfh risk posed by bauxife 
failings dusf. 



Methods 

We collecfed 13 bauxife failings samples from 3 adjoining bauxife failings 
storage dams idenfified as BTl, BT2, and BT3 and veranda fall-ouf dusf from 
2 houses combined info 1 composife dusf sample in fhe residenfial area 
downwind from fhe bauxife failings storage facilify (see sample descripfion 
in Table 6.1). The dusf samples collecfed from fhe fwo houses were combined 
in equal weigh! fo yield a composife house dusf sample. The residenfial area 
sfudied is jusf a few hundred meters downwind from fhe closes! failings 
dam (Eigure 6.1). 

Par! icle-size disf ribuf ion profiles of fhe bulk bauxife failings were obfained 
using a Malvern Masfersizer (Masfersizer 2000, Malvern Insfrumenfs Lfd., 
Malvern, Unifed Kingdom). The scanning range was found fo be 0.02- 
2000 pm, based on a defaulf RI (refracfive index) of 1.52, which is closer fo fhe 
value of 1.53 affribufed fo gibbsife mineral. 




94 



Environmental Contamination 



TABLE 6.1 



EnTox Identification Codes for Bauxite Tailings 
and Respective PMjq ID 



Location of Dam 


EnTox ID — Bulk 
Tailings 


EnTox — PMio 


BTl -North NE 


EnTox 11 


PMi„-ll 


BTl -North NW 


EnTox 7 


PMi„-7 


BTl -North SE 


EnTox 8 


PMi„-8 


BTl -North SW 


EnTox 6 


PMi„-6 


BT2-South Dune 


EnTox 3 


PMi„-3 


BT2-South NE 


EnTox 9 


PMi„-9 


BT2-South NW 


EnTox 2 


PMi„-2 


BT2-South SE 


EnTox 5 


PMi„-5 


BT2-South SW 


EnTox 4 


PMi„-4 


BT3-West NE 


EnTox 12 


PMi„-12 


BT3-West NW 


EnTox 13 


PMi„-13 


BT3-West SE 


EnTox 1 


PMi„-l 


BT3-West SW 


EnTox 10 


PMi„-10 


House Dust 


EnTox 14 


PMi„-14 







Residential aje! 



Wind direction 



House dust 
0 Bauxite sample 



BTl 



FIGURE 6.1 

A schematic diagram of the 3 adjoining bauxite tailings dams and a nearby residential area 
showing 13 bauxite sampling locations and 2 house dust samples to form a composite sample. 



Separation of <PMig particles (henceforth PMjo) was carried out using a 
Cyclone separator (SKC-225-69-25, SKC, Somerset, PA) fitted with membrane 
disc filters (GLA-5000, Pall Corporation, East Hills, New York). 

Mineralogy of the bulk tailings and house dust was examined using the 
XRD technique. Each of the <PMiq samples (about 100 mg) was lightly pressed 
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into shallow stainless steel sample holders for x-ray diffraction analysis. 
XRD patterns were recorded with a PANalytical X'Pert Pro Multi-purpose 
Diffractometer using Co Ka radiation, variable divergence slit, postdiffrac- 
tion graphite monochromator, and fast X'Celerator Si strip detector. The dif- 
fraction patterns were recorded in steps of 0.05° 29 wifh a 0.5 s counfing fime 
per sfep and logged fo dafa files for analysis. 

Tofal elemenfal concenfrafions (sfrong acid-solubilized mefals/mefalloids) 
in fhe bulk failings and house dusf were measured by ICP-MS (7500CS, Agilenf 
Technologies, Sanfa Clara, CA) from mulfiple dilufed acid exfracfs following 
a reverse Aqua Regia digesfion process in accordance wifh fhe Ausfralian 
Sfandard AS4479.2 (Sfandards Ausfralia 1997). This mefhod is consisfenf wifh 
NEPM requiremenfs as well (NEPC 1999). Briefly, abouf 1 g of bauxife and 
house dusf was accurafely weighed info a Pyrex beaker, covered in reverse 
Aqua Regia acid (10 mL) and allowed fo sfand af room femperafe wifh a wafch 
glass before a genfle reflux for 2h af 120°C on a femperafure-confrolled heafing 
block. The digesf was allowed fo cool before dilufion fo 100 mL. Purfher mul- 
fiple dilufions were made fo fhis digesf (fo make digesfed solufion fo final dilu- 
fions of 500 fimes and 500,000 fimes) before analysis, in order fo accommodafe 
high and low concenfrafions of various analyfes in fhe bauxife sample. The 
final ICP-MS analyzing solufion confained 2% nifric acid and various infernal 
sfandards. All solufions were analyzed for Al, Ti, V, Cr, Mn, Pe, Co, Ni, Cu, Zn, 
As, Se, Sr, Ag, Cd, Pb, and U. The risk assessmenf focuses exclusively on ele- 
menfs fhaf have high concenfrafions and can adversely affecf human healfh. 

Cerfified reference maferials, including TM28.3 (wafer, Nafional Wafer 
Research Insfifufe, Environmenf Canada, Canada), BCSS-1, and PCSS-1 (sedi- 
menf, NRC-CNRC, Canada), were analyzed in fhe same manner wifh an opfi- 
mum sample weighf of 0.25 fo 0.5 g. These QC sfandards allow for fhe evaluafion 
of insfrumenf performance and assay precision. They also allow for fhe selec- 
fion of besf dilufion factor for each specific cerfified elemenfal concenfrafion. 
This provides a guide for selecfion of dilufion applicable fo individual elemenfs 
in fhe sample. The cerfified reference material resulfs are shown in Table 6.2. 

Bulk failings and house dusf as collected and fheir respecfive PMjo frac- 
fions were measured for bioaccessibilify (BAC), using a physiologically based 
exfracf fesf (PBET) mefhod (Ruby ef al. 1996). Physiologically based exfracf 
fesf mefhods have been widely adopfed for fhe esfimafion of bioavailabilify 
infernafionally and in Ausfralia, for risk assessmenf of mefal-confaminafed 
sites (Bruce ef al. 2007, Diacomanolis ef al. 2007, Juhasz ef al. 2007, 2009a,b). BAC 
has been validated againsf in vivo models and accepfed by USEPA (2007). If has 
also been recenfly recommended for use by an NEPM review (Ng ef al. 2010). 

Briefly, each sample was exfracfed using a synfhefic gasfroinfesfinal fluid 
in a solid:liquid rafio of 1:100 af pH values of 1.5, 2.5, 4.0, and 7.0 over a num- 
ber of hours, simulafing fhe GI fracf pH condifions represenfing fasfing, 
semi-fed, and fully fed sfomach (Phase I or stomach phase) and fhe small 
infesfine, respecfively, over a period of 4h. Each sample was assessed across 
all pH values and 3 differenf fime infervals fo derive a sef for 12 exfracfs. 
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Metals/metalloids were measured in the 0.45 |im filtrate of the extracts. The 
amount found in each extract was then compared to the actual amount (cal- 
culated from the initial total elemental concentration) put in the GI digestion 
tube to derive the BAG value (%) of each mefal/metalloid targeted. The over- 
all BAG is the average of 12 measurements representing the various physi- 
ological states of a human being during his or her active period of a day. 



Results and Discussion 
Particle Distribution Profile 

Parficle size disfribufion profiles of the samples are shown in Figure 6.2. 
Nanoparticles were not observed in any of fhe samples. Mosf of fhe par- 
ticles were in the range of <250 pm. Parficle size of <250 pm is the fraction of 
soil/dust likely to stick to human hands, resulting in exposure via hand-to- 
mouth activities (Duggan et al. 1985). 

Accumulative PMio ranged from 14% fo 64% of the composition of dusf 
parficles up fo PM250 in three bauxite tailings dams. PMjo ranged from 14% 



Particle size distribution Particle size distribution 





(D) Particle size (pm) (B) Particle size (pm) 



FIGURE 6.2 

Representative particle distribution profiles measured in samples collected from the bauxite 
tailings dams RTl, RT2, RT3, and the composite house dust. (A) = RTl (north dam, southwest 
location), EnTox 6; (B) = RT2 (south dam, northwest location), EnTox 2; (C) = RT3 (west dam, north- 
west location), EnTox 13; and (D) = composite house dust, EnToxl4, in close proximity to RT3. 
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TABLE 6.3 



Cumulative % for a Specific Range of Bauxite 
Tailing Particle Size 



EnTox ID 


PM,, 


PM„ 


1*^250 


EnTox 11 


8.585074 


17.55623 


91.42739 


EnTox 7 


6.473802 


14.36745 


64.72323 


EnTox 8 


11.0446 


23.42975 


84.91839 


EnTox 6 


7.874993 


16.24238 


76.6757 


EnTox 3 


9.205302 


19.92355 


87.02744 


EnTox 9 


6.817268 


15.11208 


70.76206 


EnTox 2 


8.202545 


18.01139 


72.06393 


EnTox 5 


11.18186 


22.96217 


91.87329 


EnTox 4 


7.115728 


15.22794 


69.98528 


EnTox 12 


25.70403 


42.02388 


100 


EnTox 13 


26.29055 


45.37628 


100 


EnTox 1 


39.08025 


64.09891 


100 


EnTox 10 


23.58167 


38.98474 


93.75553 


EnTox 14 


7.599203 


16.583025 


96.700611 



to 20% in the BTl and BT3 dams, whereas BT3 had 39%-64% of PMio- PM 2.5 
was about 50% of fhe PM^ concenfrafion (Table 6.3). If is nofed fhaf failings 
collecfed from fhe wesf dam (BT3) have a higher volume in finer parficle 
sizes of bofh PM 2.5 and PMiq. PM 25 and PMio parficles are considered fo be 
relevanf for inhalafion exposure, whereas PM250 parficles are ingesfion rele- 
vanf via hand-fo-moufh acfivifies (Duggan ef al. 1985). If is inferesfing fo nofe 
fhaf fhe size disfribufion profile of fhe house dusf is similar fo fhose obfained 
for fhe failings in fhe wesf dam (Figure 6.2) fhough PMjo and PM 2 5 are lower 
in percenfages. This is expecfed, as lighfer parficles will remain airborne and 
likely fravel longer disfances before deposifion fakes place. 



Mineralogical Composition and Elemental 
Concentrations of Bauxite Tailings 

Quantitative analysis was performed on the XRD data, using the commercial 
package SIROQUANT from Sietronics Pty Ltd (Belconnen, ACT, Australia). 
The results are normalized to 100% and, hence, do not include estimates of 
unidentified or amorphous materials. The XRD results are summarized in 
Table 6.4. XRD shows that the major minerals found in decreasing concen- 
trations include gibbsite, kaolinite, and boehmite. The south dam (BT2) has 
higher quartz content averaging 6.3%, with the highest being 8.4%. The west 
dam (BT3) tailings have significantly less quartz (crystalline silica), with an 
average of 0.7%, slightly less gibbsite but more boehmite. Although it is dif- 
ficult to confirm with only one house dust sample, its mineral composition 
is similar to that of the tailings from the west Dam. This is also supported 




TABLE 6.4 



Pragmatic Approach for Health Risk Assessment 



99 



:3 

Q 



o 

:a 

C 

</) , 
bC| 
C 






X 

;3 

03 

CQ 






o 

o 



TJ 

O 

N 

s 

O 

c 

o 



o 

o 

u 



o 



’© 



d 

Pi 



S 

X 

0> 

o 

CO 



3 



o 

O 



d 

a 



COON'vOlDt^tN 

co'O-^inLriodin'^dootN 
’^cNicocncDCNicncnco^— I 



CO LT) 
On CO 



OO'O'O'vOLDlN.'vO'sO^tNtN'OlNlN^tN 

ooodooddooooddoo 



LDlD'^lNtN'Omirj'^CN 



m T— I 

{N T-H ,-H CN 



ON'O^GOLOLncNGOcq 

dcodlNduScoiNdtNdcNijNdooT-H 

^ t-H 



v£) 00 CO LT) 



'vO 

{N IN CO 
^ ^ ^ 



'sO O O (N 



On 'O 'sO 

d d d 



'sOaNcocoLnir)Gqoq’^ 

^0 ^0 



LOOO'^tTjHTtHlN'vOT-H L0(N iNin^ 

T— I T— I T— I ^ T— I T— I ^ ^ fN| liS CN 'O ''O ^ 



(Nin'^tTjHLnTtinco^'^oqcNjin 

T-nddcoiNOO'^'^ddd^d 



INOO'sCCOOnCNITi'^ 



QJ (U OJ 

bO OJD 00 

fO cO tO 



QJ 0> OJ 



ssssssss^sssshSP 

OHCHPHP^ciHPHp^P^ciHaHaHPHP^cQCQCQ 



PM,„-14 1.9 2.3 1.8 32.2 29.9 1.8 0.6 29.5 




100 



Environmental Contamination 



by similarity of particle distribution profiles between the house dust and 
BT3 tailings. 

Metal concentrations in bulk tailings and PMio fractions are shown in 
Table 6.5. The metal concentrations of the house dust sample are similar to 
those found in the tailings for some key elements. PMjo fractions had higher 
A1 levels than the bulk tailings, but there were exceptions. It is, therefore, dif- 
ficult to conclude which storage dam the house dust derived from, based on 
the concentrations of metals alone. The metal concentrations of house dust 
could have been mixed with other sources of contamination, for example, 
garden soil and road dust. 



Bioaccessibility 

All bauxite samples (bulk tailings and PM^ tailings) and the house dust 
were tested for solubilized fraction (bioaccessibility) under various pH val- 
ues in a synthetic gastric fluid system, using a PBET method (Ruby et al. 
1996). PBETs were analyzed in duplicates across pH values of 1.3, 2.5, and 4.0 
over various time intervals for up to 3 h when each pH was adjusted to 7.0 to 
simulate the intestinal phase. Average percentages of bioaccessibility (based 
on the 24 individual readings that form part of the duplicate set of results) of 
various targeted elements are shown in Table 6.6. Only the PBET results for 
harmful metal/metalloids and/or elements with significant concentrations 
in the original samples are shown here and considered for risk assessment 
(see the following section). 



Risk Assessment 
Aluminum 

There is no National Environmental Protection Measure (NEPM) health 
investigation level (HIE) for aluminum (Al) (NEPC 1999). However, because 
of its high concentration in bauxite tailings and in PM^ dust, this element is 
taken into consideration for the risk assessment activity. 

A pragmatic approach is to treat the house dust as the same as bauxite 
tailings in terms of risk assessment. In addition, there are several reasons 
to believe that west dam tailings (BT3) are a major contributor to the house 
dust based on characterization of its particle size profile, mineralogy, and 
metal concentrations. Aluminum is the third most abundant element in the 
earth's crust, exceeded only by oxygen and silicon. U.S. Geological Survey 
reported soil aluminum ranged from 700 to 100,000 mg/kg with an average 
of 72,000 mg/kg (Shacklette and Bolerngen 1984). 

Aluminum (Al) is poorly absorbed (0.1%-0.3%) via the gastrointestinal 
tract, with soluble citrate complexes reaching as high as 1% bioavailability. 
The bioavailability of Al is about 3% in water of lOOpg/L. The addition of 
silica can reduce Al bioavailability by sevenfolds (IPGS 1997). 




TABLE 6.5 

Total Elemental Concentrations of Bauxite Tailing Samples and Their Respective PMjo Particles 
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TABLE 6.6 

Average Percentages of Bioaccessibility 
Measured by a Physiologically Based Extraction 
Test of Various Targefed Elements from the Bulk 
Bauxite Tailings and PMjq Fraction of the Tailings 



EnTox ID 


A1 


V 


EnTox ID 


A1 


V 


EnToxll 


0.04 


0.01 


PMio 11 


0.39 


1.96 


EnTox 7 


0.04 


0.13 


PMi„7 


0.37 


3.61 


EnTox 8 


0.04 


0.09 


PMi„8 


0.30 


2.32 


EnTox 6 


0.01 


0.16 


PMi„6 


0.16 


2.90 


EnTox 3 


0.04 


0.23 


PMi„3 


0.13 


4.87 


EnTox 9 


0.06 


0.04 


PMi„9 


0.53 


2.29 


EnTox 2 


0.03 


0.58 


PMi„2 


0.07 


4.10 


EnTox 5 


0.02 


0.32 


PMi„5 


0.13 


2.96 


EnTox 4 


0.04 


0.16 


PMi„4 


0.28 


3.51 


EnTox 12 


0.03 


0.11 


PMio 12 


0.21 


1.35 


EnTox 13 


0.02 


2.01 


PMjo 13 


0.19 


2.36 


EnTox 1 


0.01 


1.04 


PMiol 


0.01 


2.53 


EnToxl 0 


0.01 


0.08 


PMio 10 


0.15 


1.15 


EnTox 14 


0.83 


2.23 


PMio 14 


1.07 


3.64 



Systemically absorbed A1 is rapidly excreted in the urine by those with 
normal kidney function. Aluminum toxicosis is expressed largely as a 
secondary phosphorus deficiency, presumably because it binds phospho- 
rus, forming an unabsorbable Al-phosphorus complex in the intestine. No 
studies were located regarding death following acute- or intermediate- 
duration inhalation exposure to various forms of A1 in humans. Chronic 
exposure to very high concentration of fine powder metallic A1 had led to 
fatalities in workers in the past. One chronic exposure case was related to 
total dust A1 of 615-685 mg/m^, of which 51 mg Al/m^ was found to be in 
the respirable form. Chemical speciation revealed that the respirable dust 
contained 81% metallic A1 and 17% of oxides and hydroxide of aluminum 
(IPCS 1997). 

Pulmonary fibrosis is the most commonly reported respiratory disorder 
observed in workers exposed to fine aluminum dust (pyropowder), alumina 
(aluminum hydroxide), or bauxite. However, conflicting reports exist on the 
fibrogenic potential of aluminum. It is very likely that there was simultane- 
ous exposure to silica; thus, it is possible to conclude that it is the ingestion of 
silica that could have caused this disorder and not that of dust or other toxic 
impurities derived from aluminum (ATSDR 1999). 

Aluminum is a neurotoxicant. However, healthy people have a naturally 
high barrier to aluminum penetrating the nervous system except under spe- 
cific serious illnesses, for example, in patients presenting with renal (kidney) 
failure, who had probably used dialysis fluid with high aluminum content. 
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Acute poisoning due to aluminum is very rare, even though it is widespread 
in the environment, including food, drinking water, and many antacid medi- 
cations. Aluminum compound has been widely used as a flocculent in water 
treatment for many decades. Resfricfive pulmonary disease (pulmonary 
fibrosis) was reporfed fo exisf in many workers in fhe aluminum indusfry, 
parficularly in fhe 1940s when fhe indusfry hygiene sfandards were below 
par compared fo fhe currenf scenario (IPCS 1997). 

The PTWI for A1 is 420 mg for a 60 kg adulf (490 mg for 70 kg adulf) (IPCS 
1997). This equafes fo a TDI of 1 mg Al/kgb.w. Males consume 2.4mg Al/day 
while females consume 1.9 mg Al/day as reporfed by fhe Ausfralian markef 
baskef survey (NFA 1993). 

Dermal absorpfion of A1 is insignificanf (IPCS 1997); fherefore, our risk 
assessmenf for A1 focused on fhe oral ingesfion and inhalafion roufes. 

The highesf concenfrafion of bulk bauxife failings is 144,800 mg/kg 
(slighfly higher fhan fhaf of house dusf). For an adulf who ingesfs 25 mg of 
failing dusf a day wifh a bioaccessibilify of abouf 1%, fhis represenfs a daily 
infake of 36.2 pg of absorbed aluminum. 

PMio fine dusf has fhe highesf concenfrafion, af 190,000 mg/kg (pg/pg). 
Assume an NEPM dusf value of 50pg/m^ (fhe acfual medium value was 
48.5 pg/m^ while underfaking fasks such as handling heavy-dufy earfh- 
moving equipmenf; dafa are nof presenfed in fhis chapfer). An adulf 
breafhes abouf 23m^/day of air (NEPC 1999) and if we assume fhe bioac- 
cessibilify of A1 in air-borne dusf fo be 1% (fhe acfual maximum value was 
0.53%, according fo PBET), fhen fhe quanfify of A1 absorbed in dusf inhaled 
would be 2.2 pg/day. The fofal absorbed infake of A1 from all fhe fhree expo- 
sure roufes added up fo 0.549 pg Al/kg b.w./day, as shown by fhe following 
calculafions: 

Alai, = 50 pg/m^ X 190,000 pg Al/pg = 9,500,000 pg Al/m^ = 9.5 pg Al/m^ 
Al(inhaled from air) = 9.5 pg/m^ x 20 m^/day = 218.5 pg/day 
Bioaccessible A1 (absorbed infake) = 218.5 pg x 1% = 2.2 pg/day 



Tofal daily infake of A1 from fhe fhree exposure roufes: 

TI = 0 + 36.2 + 2.2 = 38.4 pg/day or 0.549 pg 
/ kg b.w./ day for an adulf of 70 kg b.w. 



Hazardous index (HI) = 



TI 



0.549 

(1x1000) 



= 5.49x10 or a safely factor of 1821 fimes 
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When considering other sources of A1 intakes, food will account for an 
intake of 2.4mg Al/day (i.e., 0.034mg/kg bw./day, assuming 100% bio- 
availability); 2 L water consumption per day with a 3% bioavailable A1 will 
account for a daily intake of A1 at 6 pg/day. Clearly, the major source of A1 
intake is food and not the dust. If one adds all sources to the aforemen- 
tioned exposure routes to dust, the total intake per day (2.444 mg) is still 
much lower than the TDI of 70 mg/day (or 1 mg Al/kg b.w./day for an adult) 
with a HI of 0.035. 

Similarly, for a young child of 14 kg b.w. the equivalent TDI of 14 mg of A1 
from all exposure routes is allowed. Children breathe 12m^/day and ingest 
100 mg soil /day via hand-to-mouth activity (NEPC 1999). The absorbed daily 
intakes of A1 from dust ingestion and dust inhalation were calculated to 
be 144.8 and 1.14 pg, respectively, with a HI of 0.01 (a safety factor of 96). 
Assuming a total A1 dietary intake for a child is 50% of that of an adult 
(1.2 mg Food Al, 0.003 mg water Al), the HI would be 0.096. It can be con- 
cluded that the risk of Al due to its presence in bauxite dust is low. 



Vanadium 

Mild respiratory distresses, such as cough, wheezing, chest pain, runny 
nose, or sore throat, have been associated with acute V exposure. In one 
case study, 0.06 mg V/m^ as vanadium pentoxide induced coughing and 
mucus formation. Based on the 0.06 mg V/m^anda safety (uncertainty) fac- 
tor applies, the MRL (minimum risk level) is 2pg/m^ (ATSDR 1992). Factory 
workers exposed chronically to V dusts complained of nausea and vomiting. 
Exposure to vanadium via inhalation could be considered to be more signifi- 
cant than acute oral exposure. For this reason, we will focus on this route of 
exposure, with special reference to PMig vanadium concentrations as found 
during this study. 

PMio vanadium ranged from 134.4 to 254.7 mg/kg in the bauxite tailing 
fine dust, with the highest concentration found in the west dam (SE and NE) 
samples. Assuming PM^o is in the upper end of NEPM value of 50pg/m^ and 
the dust has the highest concentration of 255 mg V/kg, the HI for vanadium 
exposure would be 0.015 when compared with the MRL as shown as follows: 

255 mg/kg = 255 pg/g or 255 ng/mg or 255 pg/pg 
Vair = 50 pg/m^ X 255 pg/pg = 12,750 pg/m^ or 12.75 ng/m^ or 0.013 pg/m^ 



HI = 0.013 mg/m^/2 mg/m^ = 0.015 (a safety factor of 154) 



We conclude that there is a safety factor of 154 times when compared 
to the MRL even assuming that vanadium in the dust is more soluble 
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(e.g., in the form of vanadium penfoxide). Alfhough fhe form of vanadium 
in fhe bauxife dusf has nof been defermined, if is reasonable fo believe fhaf 
af leasf some of if will be presenf in relafively insoluble forms, such as sul- 
fide and ofher mineral-bound species. This is reflecfed in a relafively low 
bioaccessibilify of less fhan 5%. 



Other Metal/Metalloids 

Concenfrafions of ofher mefals/mefalloids fesfed (see Table 6.5) are relafively 
low and below fhe recommended NEPM HIL values, which warranfs furfher 
defailed risk assessmenf (NEPC 1999). If is worfh nofing fhaf cerfain indi- 
viduals could be allergic fo nickel mefal (ATSDR 1997). However, fhe risk of 
fhis occurring is considered low because of fhe relafively low concenfrafion 
of nickel found in fhe samples. 



Particulate Matter with Special Reference to Crystalline Silica (Quartz) 

Parficulafe matter levels in relafion fo fheir effecfs on human healfh are com- 
monly expressed on fhe basis of mass concenfrafion of inhalable parficles, 
which is defined as confaining parficles wifh an aerodynamic diamefer 
equal fo or less fhan 10 pm. This is because only fhese small parficles can 
penefrafe info fhe airways and lungs. 

In Ausfralia, fhe NEPM air-qualify sfandards for parficulafe concen- 
frafions are similar fo fhose recommended by WHO. The currenf 1 day 
average for parficles up fo PMjq is 50pg/m^, wifh a maximum allowable 
exceedance of 5 days a year, and for parficles up fo PM 25 , if is 25 pg/m^ 
for 1 day (NEPC 1999). In fhe Unifed Sfafes, fhe PMig sfandard is sef af 
150pg/m^ af 24 h average and 50pg/m^ af 1 year average. The respecfive 
values for PM 2 5 are 15 and 65 pg/m^ and fhese values will become effecfive 
from 2012 (USEPA 2004). As one can see, setting healfh sfandards is com- 
plicafed. However, if is undersfood fhaf sfandards have fo be conservafive 
buf nof overly so. 

Inhalafion of parficulafe maffer can exacerbafe exisfing pulmonary and 
cardiac vascular diseases, oxidafive sfress, and inflammafion (CARB 2002, 
CEPA 1998, IAEA 2008, Pope and Dockery 2006, WHO 2007). Por example, 
Ghio ef al. (2000) measured exposure fo concenfrafed ambienf PM2.5 levels 
in fhe range of 23-311 pg/m^. Exposures for a period of 2h were found fo 
induce fransienf, mild pulmonary inflammatory reacfions in healfhy human 
volunteers exposed fo fhe highesf concenfrafions (average of 200pg/m^). The 
PMio af fhe residenfial area was found fo peak af 149pg/m^ once wifh an 
average of 48.5 pg/m^ (defailed dafa nof shown) during a survey period of 
3 monfhs when earfhmoving acfivifies were af fhe highesf scale. This sug- 
gesfs fhaf exposure fo dusf per se would presenf a relafively low healfh risk fo 
healfhy individuals. However, discomforf mighf have been experienced by 
asfhmafics and pafienfs wifh compromised pulmonary or cardiac funcfions. 
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as shown by anecdotal evidence gathered from the local residents who were 
subjected to high-dust activities. 

PM2 5 concentrations were not measured directly in our study However, 
the particle size distribution analysis showed that less than 10% of fhe bulk 
failings were PM2.5, and of fhe PMiq fracfion, fhere was abouf half of fhe 
fine dusf fhaf was PM2 5. We exfrapolafed fhaf fhe average PM2.5 was half of 
48.5 pg/m^ fo yield a value of 24.25 pg/m^. This value is wifhin fhe NEPM 
PM2.5 sfandard of 25 pg/m^ and, hence, poses no risk. 

if is generally considered fhaf respirable parficles have an aerodynamic 
diamefer of <3-4 pm, whereas mosf parficles larger fhan 5 pm may be depos- 
ifed in fhe fracheobronchial airways and, fhus, may nof reach fhe alveolar 
(lARC 1997). The clearance rafes for respirable parficles deposifed in fhe 
respiratory bronchioles and proximal alveoli (deep lung) are slower and 
more likely fo injure fhe lung. The clearance kinefics of quarfz parficles in 
humans remains inconclusive fo dafe (lARC 1997). 

Exposure fo excessive concenfrafions of respirable ambienf air parficles 
can adversely affecf human healfh. The specific parficle size fracfions of 
fhe chemical or biological componenfs are fhe mosf dominanf sources fhaf 
mighf be responsible for adverse healfh effecfs and are nof fully sfudied for 
fheir pofenfial fo cause healfh hazards. Eor bauxife failings fesfed fhus far, 
if appears fhaf fhe mefal and mefalloid levels presenf limited healfh risk as 
discussed earlier. We fhen fumed our focus on air parficulafes, wifh spe- 
cial reference fo crysfalline silica (e.g., quarfz) componenf presenf in bauxife 
wasfe materials. 

There are many sfudies bofh epidemiologically and in animal experimen- 
fafions linking silica (Quarfz: CAS No. 14808-60-7) exposure fo cancer and 
noncancer healfh effecfs (WHO 2000). Silicosis, lung cancer, and pulmonary 
fuberculosis are associafed wifh occupafional exposure fo quarfz dusf af 
relafively large doses over a long fime. However, fo dafe, fhere is no known 
adverse healfh effecf associafed wifh nonoccupafional exposure fo quarfz 
dusf (WHO 2000). Some of fhe inherenf problems wifh many epidemiologi- 
cal sfudies include lack of accurafe exposure dafa and confounding factors, 
which may make if difficulf fo inferpref accurafely fhe observafions made 
during such sfudies. Quarfz was found fo induce pulmonary fumors in rafs 
buf nof in hamsfers or in mice. This demonsfrafes species differences in fheir 
response fo exposure fo chemicals. 

The risk esf imafes for silicosis prevalence for a working lifefime of exposure 
fo respirable quarfz dusf concenfrafion of abouf 50 or 100 pg/m^ in fhe occu- 
pafional environmenf vary widely (i.e., 2%-90%). Using mefhods described 
by USEPA (1996), fhe BMD (bench mark dose) analysis predicted fhaf fhe 
silicosis risk for a confinuous 70 year lifefime exposure fo 8pg/m^ is less 
fhan 3% of healfhy individuals nof compromised by ofher condifions such 
as respirafory diseases and pollufion in ambienf environmenf. The highesf 
average quarfz confenf in bauxife failings was found fo be abouf 6% of fhe sef 
value of 48.5 pg/m^, leading fo a calculated concenfrafion of less fhan 3 pg/m^ 
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of quartz. The dust sample collected from the BT3 has a much lower quartz 
concentration. Therefore, it can be concluded that chronic quartz health risk 
in healthy individuals, including silicosis at ambient air quality as calculated 
(<3 pg/m^ of quartz), is considered low. 



Conclusions 

Gibbsite, kaolinite, and boehmite were the major minerals found in the baux- 
ite tailings, and Al, Fe, and V were major metal loadings containing trace 
amounts of arsenic, cadmium, lead, and other elements. The quartz concen- 
trations were relatively low, with the highest found in BT2. BT3 had higher 
PM 2.5 and PMjo concentrations, compared with BTl and BT2. Mineral char- 
acteristics and particle size distribution profile of the house dust resembled 
that of the tailings in BT3. This led to the conclusion that the fall-out dust 
that impacted the residential area was primarily a result of increased earth- 
moving activities at BT3. The bioaccessibility for the major contaminants in 
bauxite tailings is relatively low. The risk of both acute and chronic toxicity 
was considered to be low at this study site. However, some individuals with 
asthmatic and pulmonary (lung) conditions may experience discomfort dur- 
ing periods of high dust in the ambient air. It is highly recommended that 
precautionary measures should be taken in order to minimize impact on the 
susceptible individuals during elevated dust event. 
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Introduction 

There are four main fypes of flame refardanfs: chlorinafed flame refar- 
danfs (such as chlorinafed paraffin wax), phosphoric flame refardanfs 
(such as phosphoric esfers), inorganic flame refardanfs (such as Mg(OH) 2 , 
A1(0H)2), and brominafed flame refardanfs (such as PBBs, HBCD, and poly- 
brominafed diphenyl efhers [PBDEs]) fhaf are produced on a global scale. 
The brominafed flame refardanfs have fhe highesf efficiency for refarding 
flames, af a lower cosf. They are especially suifable for organic polymer 
producfs and are widely used in elecfrical and elecfronic producfs (Liu 
ef al. 2005a). 
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FIGURE 7.1 

Molecular structure of PBDEs m = 1-5, n = 0-5. 




In the case of fire, PBDEs release bromine atoms, which are sfrong reduc- 
ing agenfs for capfuring burning ions such as -OH and =0 af high fempera- 
fures. This causes a release of high-densify unburning gases fhaf separafe air 
away from fhe burning confer, fhereby refarding fhe fire. 

The molecular formula of PBDEs is Ci 2 H(o_ 9 )Br(i_ioy and fhe sfrucfure is 
shown in Eigure 7.1. If is composed of fwo rings (phenyl rings) linked by an 
oxygen bridge (efher linkage). "Polybromine" means many "bromine" atoms 
linked to carbons on fhe phenyl rings. There are up to 10 locafions where fhe 
bromine atom can affach fo fhe carbons on fhe rings; for example, if a PBDE 
has 10 bromines, if is called a deca-BDE; if if has 5 bromines, if is called penfa- 
BDE. As a resulf, fhere are 209 possible congeners of PBDEs, all of which, like 
polychlorinafed biphenyls (PCBs), are numbered by fhe Infernafional Union 
of Pure and Applied Chemisfry (lUPAC). 

PBDE producfs have been widely used for global commercial requiremenfs 
and are produced wifh fhree degrees of brominafion: penfa-, ocfa-, and deca- 
BDE fechnical mixfure (La Guardia ef al. 2006). Penfa-BDEs are added fo 
foam mainly for manufacfuring furnifure, car cabins, and chairs. Ocfa-BDEs 
are mainly used in fexfiles and plasfic producfs such as fhe oufer covering 
for TVs, compufers, and DVDs. Deca-BDEs consisf of 80% of fhe fofal PBDE 
producfion and are primarily used in elecfronic producfs (La Guardia ef al. 
2006). The amounf of brominafed flame refardanfs produced was around 
239,000 f per annum during fhe fwenfiefh cenfury, wifh nearly 30% consisf- 
ing of PBDEs. The esfimafed world markef demand was 67,125 f in 1999 (Liu 
ef al. 2005b). 

PBDEs possess physiochemical properf ies similar fo fhaf of PGBs, which are 
chlorinated congeners wifh ferafogenic, mufagenic, and carcinogenic proper- 
fies. The fafe and behavior of PBDEs and PGBs are comparable. PBDEs have 
been associafed wifh endocrine disrupfion, reproducfive-developmenfal fox- 
icify, including neurofoxicify and even carcinogenicify. The foxicological end 
poinfs of concern for environmenfal levels of PBDEs are likely fo be fhyroid 
hormone disrupfion, neurodevelopmenfal deficifs, and cancer (Manchesfer 
ef al. 2001, McDonald 2002). 

Prior fo 2004, fhere was a paucify of published arficles (bofh in Ghinese and 
English) abouf PBDE confaminafion in mainland Ghina. There were only a 
few arficles wriffen in English, concerning Hong Kong and Taiwan. Since 
2007, fhe number of arficles on PBDEs (in bofh languages) related fo main- 
land Ghina has steadily increased. This review summarizes fhe sources, lev- 
els, frends, and adverse impacfs of PBDEs on human healfh in mainland 
Ghina, Hong Kong, Taiwan, and Macau. Gomparisons are made befween 
dafa generated in Ghina wifh fhose from ofher parfs of fhe world. 
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Main Sources of PBDEs in the Environment of China 

As flame retardants, PBDEs are additives that are physically mixed with 
polymers in most products and, therefore, may separate and leach out from 
fhe surface of fheir producf applicafions, enfering info air, and evenfually 
deposifing onto wafer, sedimenfs, and soils (Deng ef al. 2007, Liu ef al. 2005a). 
Therefore, mosf household items, especially furnifure, TVs, VCD players, 
washing machines, refrigerators, computers, and children's toys, which con- 
fain flame refardanfs, are common sources of PBDEs (Pamade ef al. 2002). 
If is envisaged fhaf company offices, municipal adminisfrafion offices, and 
school classrooms, which offen confain a high densify of elecfronic equip- 
menf, emif a subsfanfial amounf of PBDEs info fhe indoor air. 

The concenfrafions of PBDEs in fhe air and dusf of homes and offices in 
Taiwan and Guangzhou, Soufh China, were analyzed. Table 7.1 shows fhaf 
fhe concenfrafions of PBDEs in office dusf were 1.2-1 .6 fimes higher fhan fhaf 
of house dusf in bofh Taiwan and Guangzhou. In addifion, PBDEs in indoor 
air were fhree fimes higher fhan fhaf defecfed in oufdoor air (Huang ef al. 
2009b, Wang ef al. 2011). No doubf, all elecfrical and elecfronic equipmenf are 
fhe mosf common sources of PBDEs. Alfhough China has historically been an 
agriculf ural counfry fhe rapid indusfrializafion and modernizafion in fhe pasf 
fwo decades have resulted in rapid producfion and widespread usage of elec- 
fronic equipmenf and, hence, fhe high PBDEs defecfed in indoor air and dusf. 

The Pearl River Delia (appro ximafely 41,000 km^) has experienced rapid 
developmenf in fhe pasf decades. The gross indusfrial oufpuf in 2001 was 
U.S.$145 billion, accounfing for 13% of fhe fofal gross indusfrial oufpuf for 
fhe whole of China (excluding Hong Kong). Wifh a size bigger fhan fhe Pearl 
River Delia, fhe Yangfze River Della has also undergone rapid socioeconomic 
developmenf during fhe pasf fwo decades. In addifion, fhe Chinese govem- 
menf-designafed areas such as Shanfou and Xiamen as Economic Special 
Developing Areas, as well as fhe newly developed region of "Bei Bu Wan 
Developing Areas," which specifically focuses on frading wifh Soufhern 
Asian counfries. 

TABLE 7.1 



Concentrations of PBDEs in Dust and Air of Family Houses and Offices in 
Hsinchu (Taiwan) and Guangzhou (South China) (Dust ng/g dry wt.. Air pg/m^) 



Site 


Office 

Dust 

(ng/g) 


House 

Dust 

(ng/g) 


Office 

(pg/m^) 


Family 

(pg/m’) 


Indoor 

(pg/m) 


Outdoor 

(pg/m’) 


References 


Hsinchu 


3758 


2326 


160 


95 


141 


49 


Wang et al. 
(2011) 


Guangzhou 


3179 


2662 


/ 


/ 


/ 


/ 


Huang et al. 
(2009b) 
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In China, 10,000 metric tons of brominated flame refardanfs is used in elec- 
frical and elecfronic producfs annually (Guan ef al. 2007). For example, one 
fhird of fhe gross indusfrial oufpuf in fhe Pearl River Delia is associafed wifh 
elecfronic and felecommunicafion equipmenf (Liu ef al. 2005b), leading fo 
large usage of PBDEs (1300 f) in fhe region (Decision Eludes & Conseil 2004, 
Guan ef al. 2007). In addifion, fhe Ghinese governmenf had recenfly encour- 
aged fhe fransfer of indusfrial producfs fo fhe counfryside, in order fo safisfy 
domesfic needs, which subsequenfly resulfed in widespread confaminafion 
of PBDEs in more remofe areas of Ghina. 

The second source of PBDEs emiffed info fhe environmenf is from 
unconfrolled recycling of elecfrical and elecfronic wasfe (e-wasfe), which 
has become a global problem in fhe fwenfy-firsf cenfury, wifh abouf 20-25 
million fon of e-wasfe generafed annually in fhe world in recenf years 
(Robinson 2009). In developed counfries, if has become one of fhe fasfesf 
growing wasfe sfreams comprising more fhan 5% of municipal solid wasfe. 
Erom 1997 fo 2004, fhere were befween 315 and 680 million sefs of compuf- 
ers fhaf became obsolefe in fhe world, amounfing fo around 2-4 million fon 
of e-wasfe and accounfing for approximafely 150,000-900,0001 of PBDEs 
separafed and emiffed info fhe surrounding environmenf of e-wasfe recy- 
cling sifes (Liu ef al. 2007, 2008). 

Moreover, e-wasfe is being fransporfed in massive quanfifies around fhe 
world wifh abouf 80% exporfed fo Asia, and 90% of fhe e-wasfe is sen! 
illegally fo Ghina for recycling (UNEP DEWA/GRID-Europe 2005). The 
recycling of e-wasfe in Guiyu, a small town in fhe soufheasfern parf of 
Guangdong Province, Ghina (Figure 7.1), has been underfaken by migranf 
workers using primifive and environmenfally unaccepfable fechniques 
fo separafe recoverable elecfronic componenfs, mainly from compufers, 
since fhe lafe 1980s and early 1990s (Leung ef al. 2007). This enfailed fhe 
burning of cables and wires for copper recovery, healing of printed cir- 
cuif boards for recovery of solder and computer chips, and acid sfripping 
of printed circuif boards for removal of remaining precious mefals such 
as gold and plafinum. During fhe crude recycling sfage, persisfenf toxic 
subsfances, including PBDEs, are emiffed info fhe environmenf when 
e-wasfes are healed and burnf. The fofal PBDE concenfrafions found in 
Guiyu are fhe highesf in terms of combusted residue of plasfic chips and 
cables collected from a riverbank close fo village houses in Guiyu, Ghina 
(63,300 and 48,600 ng/g dry wf . for fofal PBDEs and BDE-209, respecfively). 
BDE-209 was fhe mosf dominanf congener (35%-82%) among fhe sifes 
indicafing fhe prevalence of commercial Deca-BDE; however, congeners 
from commercial Penfa- and Ocfa-BDE mixfures were also presenf (Leung 
ef al. 2007). 

In addifion fo Guiyu, fhere are more fhan 12 e-wasfe recycling locafions, 
disf ribufed over 7 provinces in Ghina, including Qingyuan, Longfang (norfh- 
wesfern parf of Guangzhou), Zhao Guang, Dali in Guangdong Province, 
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FIGURE 7.2 

Location of e-waste processing sites in China. (From Ni, H.G. and Zeng, E.Y.. A big picture view 
of halogenated chemical exposures in China — report, pp. 1-45, 2009.) 



Taizhou, and north of Qian Tang Jiang in Zhejiang Province, 1 site south of 
Shanghai, 2 sites in Hebei Province, and at least 1 site in each of the follow- 
ing provinces and cities: Shangdong, Jiangxi, Fujian, Sichuang, Hebei, and 
Hunan provinces (Figure 7.2). Similar to Guiyu, it is envisaged that all the 
sites are hotspots as sources of PBDEs emitted into the environment. The 
domestic production of brominated flame retardants in China in 2006 was 
80,000 1, and the amount of PBDEs accumulated from all brominated flame 
retardants containing commercial products reached 200,000 ton in 2009 
(Ni and Zeng 2009). 

In addition to these 12 major sites, there are several hundred small-scale 
e-waste recycling sites distributed in the countryside, with waste materials 
imported from abroad as well as generated domestically, emitting a large 
amount of PBDEs into the environment. In general, all consumer products, 
including electrical and electronic equipment, polymer materials, and tex- 
tiles, are the main sources of PBDEs emitted daily everywhere in China, both 
in cities and in the countryside, especially at e-waste recycling sites that are 
hotspots for PBDEs contamination. 
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Current Contamination Status of PBDEs 

Environmental Matrices 

Air 

PBDEs are emitted into air and deposited into water and soil during their 
manufacture and usage in consumer products. When PBDEs are sus- 
pended in air, they may be present with particles and can deposit onto 
land or water column as the dust settles and are eventually washed out by 
snow and rainwater. It is difficult to estimate how long PBDEs remain in 
the air or how far fhey may fravel. PBDEs do nof dissolve easily in wafer; 
fherefore, high levels of PBDEs are nof usually defecfed in fhe wafer col- 
umn (Liu ef al. 2005a). When PBDEs seffle info wafer columns, fhey fend 
fo sfick fo parficles and evenfually seffle info fhe sedimenfs fhaf acf as 
reservoirs for PBDEs, especially for deca-BDE. Lower brominafed PBDE 
congeners such as fefra- and penfa- BDEs in fhe wafer column may enfer 
aquafic organisms due fo fheir lipophilic properly; however, PBDEs do nof 
enfer groundwafer since fhey fend fo bind sfrongly fo soil parficles (Liu 
ef al. 2005a). 

When comparing dafa presenfed in Tables 7.1 and 7.2, PBDEs in fhe afmo- 
sphere of coasfal areas were relafively lower among indusfrial areas and 
densely populafed cifies; for example, fhe average concenfrafion of PBDEs 
in Hsinchu Counfy of Taiwan was 48.5 pg/m^ (Wang ef al. 2011), a rafe simi- 
lar fo Yuen Long (urban sife) and Hok Tsui (rural sife) in Hong Kong (69.0 
and 33.8 pg/m^ respecfively), whereas in Tsuen Wan (Hong Kong), a residen- 
fial area mixed wifh lighf indusfry, fhe concenfrafion was 358pg/m^. The 
concenfrafions of afmospheric PBDEs in Li Wan and Tian He, fwo inland 
sifes wifhin Guangzhou Cify, wifh heavy fraffic, reached 204 and 372pg/m3, 
respecfively, which is abouf 4.5-8 limes higher fhan fhe coasfal residen- 
fial areas. The afmosphere over fhe indusfrial areas of Dongguan (mainly 
fexfiles) and Shenzhen had rafher high concenfrafions of PBDEs, 204 and 
372pg/m, respecfively. Af fhe e-wasfe recycling sife of Guiyu, fofal PBDEs in 
air reached 21,474 pg/m^ (Deng ef al. 2007), which was 430 limes higher fhan 
fhaf found in fhe coasfal areas (Ghen ef al. 2008a). 

Among all fhe PBDE congeners, BDE-47, 99, and 209 were fhe main con- 
geners in fhe air samples of Dali (e-wasfe recycling areas) and Dongguan 
(mainly fexfiles); bofh are locafed in Guangdong Province. The low bromi- 
nafed congeners such as BDE-28 mainly exisf in aerosol. BDE-209 is only 
associafed wifh parficles, buf penfa-, hexa-, and ocfa-BDEs exisf in bofh par- 
ficles and aerosols, which was deduced from fhe air samples collecfed from 
fhe e-wasfe recycling sife in Soufhern Ghina (Dali and Guiyu) (Ghen ef al. 
2008a,b). The air of indusfrial and urban areas of Guangzhou Gify mainly 
confained penfa-BDE and deca-BDE, reflecfing fhaf fhe fwo congeners were 
derived from manufacfuring indusfries. 
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Table 7.3 further compares atmospheric PBDEs of major cities in China 
with those of other countries. The air samples taken from the 325 m meteoro- 
logical tower in Beijing contained 2.3-18 pg/m^ PBDEs (Li et al. 2009), which 
were similar to the data obtained in ambient areas of United Kingdom; Lake 
Michigan, Louisiana, the United States; and Gotska Sando, Sweden (Agrella 
et al. 2004), but these were much lower than the average concentrations in 
the atmosphere over Europe and Asia (Harrad and Hunter 2004), for exam- 
ple, Osaka and Kyoto, Japan (Li et al. 2009). in general, the concentrations 
of PBDEs in the atmosphere over Asia were found to be much higher than 
that over Europe. The highest concentrations of total PBDEs were detected in 
the e-waste areas in China and in other parts of the world. The atmosphere 
over the Dali and Guiyu e-waste recycling sites had the highest concentra- 
tions (9,133 and 16,575 pg/m^, respectively). In particular, the concentrations 
of BDE-47, 99, and 209 were greater than those of other parts of the world 
(Chen et al. 2006a, Deng et al. 2007, BAN and SVTC 2002). The concentra- 
tion of penta-BDE (475,004 pg/m^) was even higher than that found in the 
workshop of an e-waste recycling site in Sweden (1,200 pg/m^) (Chen et al. 
2008a). The concentrations of BDE-47 and 99 from a textile manufacturing 
site in Dongguan (Guangdong Province) were higher than that detected in 
Guangzhou, and Chicago, the United States, due to the fact that BDE-47 and 
99 mixtures were blended into the foams that make clothing thick and warm 
(Chen et al. 2008a, D'Silvia et al. 2004). The findings from an e-waste work- 
shop in Sweden (see Table 7.3) showed that the concentrations of BDE-47, 99, 
209, and ZPBDEs reached 1,200, 2,600, 36,000, and 64,000 pg/m^ in indoor air, 
respectively (Sjodin et al. 2007). 



Water 

PBDEs possess a very low water solubility, which reduces according to the 
increase in the number of bromine atoms (Liu et al. 2005a); therefore, high- 
molecular-weight BDE congeners such as BDE-196, 197, 206, 207, and 209 are 
not normally dissolved in water. This leads to very low concentrations in 
both fresh and marine waters, with PBDEs mainly attached to suspended 
particles, floating in the water column. A study conducted by the Ministry 
of Environment in Japan during 1988 and 1997, indicated that no hexa-, octa-, 
and deca-BDEs were detected in the water column of all rivers, estuaries, 
and coastal seawaters in Japan (Wu et al. 2008). Moreover, only O.l-l.Opg/L 
of BDE-47, 99, and 153 in the water column and 0.1-4 pg/L of BDE -209 associ- 
ated with particles were detected along the coastal waters of The Netherlands 
(Booij et al. 2000). 

In China, there is a lack of information on PBDEs in aquatic systems, espe- 
cially the spatial, temporal, and vertical distributions of PBDEs in the water 
column of the Pearl River Estuary. Hence, the partition behavior of PBDEs 
between particle and dissolved phases was investigated. Table 7.4 shows that 
the concentrations of PBDEs in water were lower during late spring and early 
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TABLE 7.3 

Concentrations of ZPBDEs and Main Congeners in the Atmosphere of China in 
Comparison with Other Parts of the World (pg/m^) 

Sites BDE-47 BDE-99 BDE-209 ZPBDEs References 

China 



Beijing air (top air 


/ 


/ 


/ 


2.3-18.0 


Li et al. (2009) 


of Beijing 325 m 
Meteorological 
Tower) 

Guangdong Province: 


Guiyu e-waste site 


6456 


5519 


/ 


21,474 


Deng et al. (2007) 


Guiyu burning air 


5180 


5889 


/ 


16,822 


Wong et al. (2007) 


Dali, e-waste site 


2685 


1656 


2,174 


9,133 


Ghen et al. (2008a) 


Dongguan, textile 


95.1 


36.6 


98.9 


316 


Chen et al. (2008a) 


Guangzhou 


26.8 


31.8 


478 


577 


Chen et al. (2008a) 


urban 1 


Guangzhou 


26.9 


17.5 


264 


346 


Chen et al. (2008a) 


urban 2 
South China: 


Industrial area 1 


2182 


1058 


4,192 


7,859 


Chen et al. (2008a) 


Industrial area 2 


74.7 


66.1 


750 


973 


Chen et al. (2008a) 


Nanjing urban air 


5.6 


5.6 


65.0 


93.1 


Zhao et al. (2008) 


Taiwan 


/ 


/ 


/ 


48.5 


Wang et al. (2011) 


Taiwan, e-waste 
site 


/ 


/ 


/ 


100-190 


Watanabe et al. 
(1992) 


Other parts of the world 


Osaka (1994), 
Japan 


/ 


/ 


83-3,060 


90-3,081 


Watanabe et al. 
(1995) 


Osaka (2001), 


/ 


/ 


100-340 


104-347 


Ohta et al. (2001) 


Japan 


Kyoto, Japan 


/ 


/ 


0-48 


4.5-113 


Hawakawa et al. 
(2004) 


Michigan Lake 


8.4 


5.3 


<0.1 


15.1 


Hoh and Hites 
(2005) 


Michigan, the 
United States 


6.2 


5.1 


1.5 


16.2 


Hoh and Hites 
(2005) 


Ghicago (1999), the 


33.0 


16.0 


0.3 


52.2 


Chen et al. (2008a) 


United States 


Ghicago (2003), the 


17.0 


7.4 


60.1 


100 


Chen et al. (2008a) 


United States 


Louisiana, the 
United States 


6.9 


3.0 


2.8 


16.4 


Hoh and Hites 
(2005) 


e-waste workshop 


1200 


2600 


36,000 


64,000 


Sj5din et al. (2007) 



(Sweden) 



(continued) 
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TABLE 7.3 (continued) 

Concentrations of ZPBDEs and Main Congeners in the Atmosphere of China in 
Comparison with Other Parts of the World (pg/m^) 



Sites 


BDE-47 


BDE-99 


BDE-209 


ZPBDEs 


References 


Gotska Sando 
(Sweden) 


1.70 


0.90 


6.50 


10.0 


Agrella et al. 
(2004) 


Ambient United 
Kingdom 


/ 


/ 


/ 


6.7 


Harrad and 
Hunter (2004) 


Over Europe 


/ 


/ 


/ 


250 


Wurl et al. (2006b) 


Over Asia 


/ 


/ 


/ 


340 


Wurl et al. (2006b) 


Over Indian Ocean 


/ 


/ 


/ 


2.5 


Wurl et al. (2006b) 



TABLE 7.4 

Concentrations of PBDEs in Particulate and Dissolved Phases at the 
Mouth of the Pearl River (Average Values of pg/L from Surface, Middle, 
and Bottom of the Water Column at Each Sampling Location) 

May 2005 



Dissolved 


BDE-28 


BDE-47 


BDE-99 


BDE-183 


ZPBDEs 


BDE-209 


No. 1 


nd 


4.4 


4.5 


nd 


11.7 


nd 


No. 2 


2.3 


5.2 


4.6 


nd 


12.6 


nd 


No. 3 


nd 


6.0 


8.3 


nd 


16.4 


nd 


Particles 


BDE-28 


BDE-47 


BDE-99 


BDE-183 


ZPBDEs 


BDE-209 


No. 1 


0.6 


5.1 


5.1 


1.7 


15.3 


588 


No. 2 


0.9 


7.4 


7.1 


1.9 


21.9 


507 


No. 3 


1.8 


18.2 


14.9 


4.5 


49.2 


4001 








October 2005 








Dissolved 


BDE-28 


BDE-47 


BDE-99 


BDE-183 


ZPBDEs 


BDE-209 


No. 1 


15.3 


49.4 


18.5 


4.6 


99.3 


nd 


No. 2 


nd 


33.7 


13.9 


3.3 


59.1 


nd 


No. 3 


4.3 


24.9 


12.4 


2.2 


49.8 


nd 


Particles 


BDE-28 


BDE-47 


BDE-99 


BDE-183 


ZPBDEs 


BDE-209 


No. 1 


1.1 


14.9 


9.3 


nd 


32.6 


838 


No. 2 


0.3 


12.2 


7.9 


nd 


27.4 


1193 


No. 3 


nd 


12.1 


7.8 


nd 


26.4 


2121 


Source: Luo, 


X.J. et al.. 


Chin. Sci. Bull, 53, 93, 2008. 







summer, which is due to the influence of the open seawater, but were higher 
in October as a result of river runoff, accompanied by a higher amount of 
particulate matter (Guan et al. 2007, Luo et al. 2008). 

Both BDE-47 and 99 were detected in all dissolved and particulate samples 
for both wet (May) and dry (October) seasons of 2005 in the Pearl River Delta, 
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TABLE 7.5 



Mean Concentrations (pg/L) of PBDEs in the Surface 
Microlayer and Subsurface Water Column, at 1 m 
Depth, Hong Kong Coastal Waters 



Locations 


Victoria 

Harbor 


Tolo 

Harbor 


Aberdeen 
Typhoon Shelter 


EPBDEs in SML 


297.3 


77.6 


71.1 


EPBDEs in SWC 


94.8 


57.3 


11.3 


Ratio SML/SWC 


3.14 


1.35 


6.29 



Sources: Wurl, O. and Obbard, J.P., Mur. Pollut. Bull., 48, 1016, 
2004; Wurl, O. and Obbard, J.P., Chemosphere, 58, 
925, 2005. 



as they are the most common and abundant congeners found in the environ- 
ment. On the contrary, BDE-209 did not dissolve in water, due to its high log 
(close to 10). It was mostly associated with particles and had high con- 
centrations (76-5693 pg/L) for bofh wef and dry seasons. Parficularly high 
concenfrafions were observed during fhe wef season. In general, fofal PBDEs 
were much higher in fhe aqueous phase in fhe Pearl River Esfuary due fo 
river runoff (Table 7.4, Luo ef al. 2008). 

The surface micro layer (SML) of wafer represenfs fhe boundary layer 
befween fhe afmosphere and fhe subsurface wafer column (SWC) and has 
a fypical fhickness of 40-100 pm consisfing of enriched organic compounds 
(such as lipids, profeins, and deposif parficles from fhe afmosphere). A sfudy 
relafed fo Hong Kong coasfal wafers revealed fhaf PBDEs affached fo parficles 
and in aerosols, accumulafed in fhe SML before being fransferred info fhe 
wafer body Table 7.5 shows fhaf fhe proporfion of fofal PBDEs in fhe SML over 
fhe SWC ranged from 1.35 fo 6.29, indicafing fhaf fhe concenfrafions of ZPBDEs 
in fhe sea surface microlayer (SML) were much higher fhan fhaf found in fhe 
SWC in Hong Kong (Wurl and Obbard 2004, 2005, Wurl ef al. 2006a). 



Soil and Sediment 

Since fhe 1980s, more fhan 20 companies and facfories have been esfablished 
along fhe soufheasfern coasfal areas of China, for fhe commercial producfion 
of Deca-BDE, wifh 4000-7000 fon produced each year. Penfa-BDE and Ocfa- 
BDE made up approximafely 12% and 6%, respecfively, of fhe PBDE produc- 
fion markef in China. In general, more fhan 80% of fhe PBDEs produced in 
China were used fo manufacfure elecfrical and elecfronic equipmenf, poly- 
mer maferials, and fexfiles (Chen and Zhang 1998). Due fo leaching from 
fhe surface of various consumer producfs, fogefher wifh emissions from fhe 
open burning of e-wasfe, PBDEs are now widely disfribufed in differenf eco- 
logical comparfmenfs, where fhey fhen become associafed wifh parficulafes 
and are evenfually deposifed in soil and sedimenfs. 
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Guiyu, a small town (52.4 km^) located in the southeastern part of 
Guangdong Province, with a population of 150,000, has been involved in 
e-wasfe recycling for more fhan a decade. If was found fhaf combusfed resi- 
due from open burning confained exfremely high concenfrafions of ZPBDEs 
(excluding BDE-209; 14,700 ng/g dry wf.) and BDE-209 (48,600 ng/g dry wf.). 
Ofher areas were also affecfed, for example, soil from an acid leaching sife, 
prinfer roller dump sife, and a duck pond, all having high concenfrafions of 
ZPBDEs (excluding BDE-209) (70-2300 ng/g) and BDE-209 (328-1270 ng/g). 
Primifive recycling operafions consisfed of scrap sorfing; heafing prinfed 
circuif boards fo recover lead solder and elecfronic componenfs; using con- 
cenfrafed acid solufions fo leach and recover aluminum, gold, copper, plafi- 
num, and ofher mefals; toner sweeping; dismanfling elecfronic equipmenf; 
selling compufer monitor yokes fo copper recovery operafions; plasfic chip- 
ping and melfing; and burning cables fo recover copper (Table 7.6) (Leung 
ef al. 2007). 

Table 7.6 shows differenf hofspofs of PBDEs in Ghina. The sedimenfs 
from a river in Guiyu confained exfremely high concenfrafions of ZPBDEs 
(16,088 ng/g) and BDE-209 (62.2ng/g) (dry weighf). There were a fofal of five 
hofspofs wifh high concenfrafions of BDE-209, which included fhe moufh of 
fhe Bohai Sea, 2,776; Pearl River Esfuary, 7,340; fhe moufh of fhe Pearl River, 
3,575; Laizhou Bay, 6,189; and Guiyu, 48,600 ng/g (combusfed residue). 

The moufh of fhe Yangfze River and sedimenfs from fhe Nanjing Yangfze 
River bofh had lower ZPBDEs and BDE-209 concenfrafions of 3.89 and 
0.34ng/g, respecfively (Shen ef al. 2006). Therefore, PBDE confaminafion 
seemed fo be more serious in fhe norfhern coasfal wafers (such as Bohai Sea) 
and soufhern coasfal wafers (Pearl River Delia) of Ghina. This is especially 
f rue for fhe Pearl River Delia, which has been fransformed info one of fhe fasf- 
esf developing indusfrial manufacfuring areas in fhe world (Liu ef al. 2005b, 
Zheng ef al. 2004), buf even higher ZPBDEs and BDE-209 (10.2 and 43.8 ng/g, 
respecfively) were defecfed in fhe coasfal sedimenf of Macao, an enferfain- 
menf/commercial cify located af fhe moufh of fhe Pearl River Della (Ni and 
Zeng 2009). Alfhough Xiamen (a mid-sized cify located in Soufheasfern 
Ghina) has been esfablished as a "Special Economic Developing Region" 
(Zhou ef al. 2009), fhe pace of developmenf is comparafively slower, resulf- 
ing in lower PBDE confaminafion in fhe coasfal areas of fhe Xiamen Harbor 
(0.1-2.06 ng/g dry wf.) (Ou 2006). 

Table 7.6 shows fhaf fhe Deca-BDE manufacfuring factory in Laizhou Bay 
(Shangdong Province) confained high ZPBDEs and BDE-209 levels, wifh up 
fo 1860 and 1814 ng/g dry wf. in fhe residenfial area, respecfively, and 7191 
and 7120 ng/g dry wf. af fhe factory enf ranee, respecfively (Jin ef al. 2008). 

The concenfrafions of PBDEs in sedimenfs collecfed from esfuaries, coasfal 
wafers, and moufhs of rivers in Ghina mafehed fhose of ofher parfs of fhe 
world. This was demonsfrafed using fhe resulfs of fhe analysis of sedimenfs 
collecfed from fhe moufh of fhe Yangfze River and fhe Dagu waste discharge 
poinf of Tianjin, which confained 0.5, 14.9 and 0.55, 94.6 ng/g dry wf. of 
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TABLE 7.6 



Concentrations of PBDEs in Soils and Sediments of China (ng/g dry wt.) 



Location 


BDE-47 


BDE-99 


EPBDEs* 


BDE-209 


References 


In sediments 


River sediments 


0.04 


0.03 


0.91 


11.6 


Chen et al. (2009) 


Beijing 


Dagu River mouth 


/ 


/ 


0.1-0.5 


14.9 


Zou et al. (2009) 


Bohai sea, China 


/ 


/ 


5.40 


15.55 


Lin et al. (2008) 


Beihe mouth, China 


/ 


/ 


5.24 


2,776.5 


Lin et al. (2008) 


Laizhou Wan 


/ 


/ 


1.3-17.6 


223.8 


Jin et al. (2008) 


Qingdao coastal 


/ 


/ 


0.12-5.51 


/ 


Yang et al. (2003) 


Yangtze River Estuary 


/ 


/ 


nd-0.55 


94.6 


Chen et al. (2006) 


Yangtze River, Nanjing 


0.26 


0.27 


2.08-3.89 


0.34 


Shen et al. (2006) 


Xiamen Harbor, Fujian 


0.54 


0.11 


0.10-2.06 


2.06 


Ou (2006) 


Pearl River Estuary 


/ 


/ 


0.4-94.7 


7,340 


Mai et al. (2005) 


Pearl River, China 


/ 


/ 


0.78-49.28 


3,575 


Huang et al. (2009a) 


Guiyu River, South 


/ 


/ 


51.3-16,088 


62.2 


Luo et al. (2007) 


China 


Hong Kong Coastal 


3.68 




1.70-53.6 


2.71 


Liu et al. (2005b) 


Macao, China 


/ 




10.2 


43.8 


Lin et al. (2008) 


In soils 


Dongquan, South 


0.96 


0.39 


0.33-1.79 


66.6 


Zhou et al. (2009) 


China 


Guangzhou city 


2.17 


0.50 


0.13-2.59 


34.5 


Zhou et al. (2009) 


Qingyuan, South 


1.18 


0.89 


0.98-3.81 


36.8 


Zhou et al. (2009) 


China 


Guiyu 1, South China'’ 


73.6 


149 


2,300 


1,270 


Leung et al. (2007) 


Guiyu 2, South China 


129 


333 


930 


510 


Leung et al. (2007) 


Guiyu 3, South China 


1.78 


1.70 


70 


398 


Leung et al. (2007) 


Guiyu 4, South China 


0.64 


0.42 


10.9 


37.3 


Leung et al. (2007) 


Guiyu 5, South China 


15.4 


24.0 


14,700 


48,600 


Leung et al. (2007) 


Laizhou Bay 1, China' 


2.6 


3.1 


1,436.2 


1,481.1 


Jin et al. (2008) 


Laizhou Bay 2, China 


1.6 


3.0 


198.8 


587.8 


Jin et al. (2008) 


Laizhou Bay 3, China 


9.9 


29.2 


6,342 


6,189 


Jin et al. (2008) 


Laizhou Bay 4, China 


0.5 


1.3 


77.2 


96.6 


Jin et al. (2008) 


Laizhou Bay 5, China 


1.3 


1.1 


223.8 


241.4 


Jin et al. (2008) 



The concentrations of SPBDEs excluded BDE-209. 

EPBDEs: excluding BDE-209. 

Guiyu 1, 1, 3, 4, and 5 e-waste samples were taken from the following sites: (1) acid leaching, 
(2) printer roller dump site, (3) duck pond, (4) rice field, and (5) combusted residue site, 
Guiyu, Guangdong Province, China. 

' Laizhou 1, 2, 3, 4, and 5 soil samples were taken from the following sites: (1) A Deca-BDE 
production factory worker living area, (2) east side of the factory, (3) factory entrance, (4) 
Laizhou Bay sediment, and (5) local river sediment. 
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ZPBDEs and BDE-209, respectively. These results were close to the readings 
detected in Tokyo Bay, Osaka Bay, Japan; the mouth of the Scheld River, the 
Netherlands; the mouth of fhe Cinca River, Spain; and Hadley Lake, Indiana, 
fhe Unifed Sfafes, where fhe levels of ZPBDEs and BDE-209 were 3.6, 85; 1.9, 
350; 24, 22; 41.7, 39.9; and 13.9, 28.8 ng/g dry wf., respecfively. 

However, fhere were several excepfions; for example, Laizhou Bay and a 
river in Guiyu had very high ZPBDEs and BDE-209 (7,191 and 7,120 ng/g dry 
wf. af Laizhou Bay, and 16,088 and 62.2ng/g [dry wf.] af Guiyu, respecfively), 
because of fwo indusfries operafing in fhese fwo regions: a Deca-BDE factory 
located af Laizhou Bay and an e-wasfe recycling unif located af Guiyu (Hong 
Kong Greenpeace Organizafion 2003, Jin ef al. 2008, Leung ef al. 2007). The 
concenfrafions found in fhese fwo regions were higher fhan ofher indusfrial 
sites in fhe world, for example, fhe indusfrial harbor in Soufh Korea (ZPBDEs 
and BDE-209 af 2253 and 2248 ng/g, respecfively), fhe moufh of fhe Tees River, 
Unifed Kingdom (ZPBDEs: 1271 ng/g); and fhe moufh of fhe Viskan River, 
Sweden, which is located nexf to a Deca-BDE producfion factory (BDE-209: 
7100 ng/g) (Allchin ef al. 1999, Moon ef al. 2002, Sellsfrom ef al. 1998) (Table 7.7). 



Biota 

PBDEs are hydrophobic organic compounds, which can be easily attached to 
lipids inside fhe bodies of biofa fhrough fwo pafhways: (1) by bioconcenfra- 
fion direcfly fhrough fhe wafer column and (2) biomagnificafions fhrough 
fhe food web (Kiriluk ef al. 1997). De Garlo and Ann (1979) firsf defected 
PBDEs in soil and sludge close to a PBDE producfion factory in fhe Unifed 
Sfafes, while Andersson and Blomkvisf (1981) defecfed PBDEs in fish in 
Sweden (Table 7.8). 

When comparing bivalve samples collected along Ghina's coasfal wafers 
(from fhe norfh such as Dalian, Qingdao, Shanghai, and Ninbo to fhe soufh of 
Ghina), fhe highesf ZPBDEs levels were found in mussel fissue (Perna viridis) 
from Hong Kong coasfal areas, af 270-83.7ng/g dry wf. (abouf 300-8500 ng/g 
lipid). Wifhin fhe same areas, ZPBDEs in surface sedimenfs ranged from 1.7 
to 53.6 ng/g dry wf., and fhe bioaccumulafion rafio (mussel to sedimenf) of 
ZjgPBDEs was 1.6-4.7 (Liu ef al. 2005b). ZPBDEs in dolphin blubber reached 
980 ng/g dry wf. in 2005 and 4030 ng/g dry wf. in 2008 (Ramu ef al. 2005, 
Kajiwara ef al. 2006, Lau 2008, Wang ef al. 2007). There seems fo be an indica- 
f ion fhaf fhe concenfraf ion increased wifh fime, alfhough fhe increase may be 
also due fo variafion in each individual dolphin. 

In areas wifh exfensive e-wasfe acfivifies, fish confaminafed by PBDEs was 
commonly observed, for example, in muscle and liver of common carp col- 
lecfed from local rivers in Guiyu (ZPBDEs 115-1088 and 2687ng/g wef wf., 
respecfively) (Liu ef al. 2008) and common carp from fhe Yangfze River and 
perch from fhe Bohai Sea (ZPBDEs 1100 and 3230 ng/g wef wf., respecfively) 
(Xian ef al. 2008). Like fhe Pearl River Delia, PBDEs from fhe surrounding 
environmenf appeared fo be concenfrafed af fhe Yangfze River Delia where 
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TABLE 7.7 



Comparison of Concentrations of PBDEs in Soils and Sediments of China with 
Those of Ofher Parts of fhe World (ng/g dry wt.) 



Location 


Congener 

No. 


ZPBDEs 


BDE-209 


References 


Bohai Bay, China 


/ 


5.24 


2777 


Lin et al. (2008) 


Dagu waste discharge mouth. 


13 


0.5 


14.9 


Lu et al. (2007) 


Tianjin, China 










Qingdao coastal, Shangdong 


21 


5.51 


/ 


Yang et al. (2003) 


Laizhou Bay, Shangdong 


11 


7,190 


7119 


Jin et al. (2008) 


Yangtze River mouth 


40 


0.55 


94.6 


Chen et al. (2006) 


Xiamen Harbor 


14 


2.06 


2.06 


Ou (2006) 


Guiyu river. South China 


14 


16,088 


62.2 


Luo et al. (2007) 


Hong Kong coastal waters 


14 


52.6 


2.92 


Liu et al. (2005b) 


The Pearl River Delta 


18 


7,340 


/ 


Zeng (2005) 


Cinca River Spanish 


7 


41.7 


39.9 


Eljattat et al. (2004) 


Industrial Harbor, South Korea 


20 


2,253 


2248 


Moon et al. (2002) 


Niagara River, the United States 


9 


148 


/ 


Samara et al. (2006) 


San Francisco Bay, the 


22 


212 


/ 


Oros et al. (2005) 


United States 










Hadley lake, the United States 


/ 


13.9 


28.8 


Song et al. (2004) 


Tees River mouth. United 


/ 


1,271 


339 


Allchin et al. (1999) 


Kingdom 










Scheld River mouth, Holland 


/ 


24 


22 


De Boer et al. (2003) 


Viskan River mouth, Sweden 


/ 


50 


7100 


SellstrSm et al. (1998) 


Coastal, Portugal 


/ 


34.1 


/ 


Lacorte et al. (2003) 


Tokyo Bay, Japan 


/ 


3.6 


85 


Lin et al. (2008) 


Osaka Bay, Japan 


/ 


1.9 


350 


Luo et al. (2009) 



The concentrations of SPBDEs excluded BDE-209. 



high concentrations of ZPBDEs in different aquatic organisms (mussel, oys- 
ter, clam, shrimp, and crab, 40.2-83.5 ng/g dry wt.) (Liu et al. 2005b) were 
detected. 

At a small e-waste recycling site at Qingyang County (northern part of 
Guangdong Province), fhe concenfrafions of ZPBDEs in fhe muscle and liver 
of field forage chicken reached 30.5 and 50.7ng/g lipid, respecfively, wifh 
fhe highesf ZPBDE concenfrafion (7917ng/g lipid) obfained from individual 
chickens (Liu ef al. 2009). 

In general, fhe levels of PBDEs obfained in differenf aquafic biofa samples 
(collecfed from differenf locafions) were wifhin ng/g-pg/g lipid. The PBDE 
disfribufion patterns were similar, wifh BDE-47, 99, 100, 153, and 154 being 
fhe mosf common congeners observed, and BDE-47 confribufing more fhan 
50% of ZPBDEs (Kazuhiko ef al. 2001). However, for ferresfrial animals, lev- 
els of ZPBDEs were lower fhan fhose of aquafic biofa samples; for exam- 
ple, Myna birds from Soufh China had a ZPBDEs of 5.7-13 ng/g lipid, and 
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TABLE 7.8 



Concentrations of PBDEs (ng/g Lipid) in Biota Samples in China Compared with 
Those of Other Parts of the World 



Location and Species 


BDE-47 


ZPBDEs 


References 


China 


Mussels, Pearl River Delta, 


/ 


40.2-83.5 ng/g dry wt. 


Liu et al. (2005b) 


Guangdong 


Shrimps, Pearl River Mouth 


/ 


266.4 


Xiang et al. (2007) 


Fish market, Guangzhou 


/ 


3850 


Meng et al. (2007) 


Fish liver of Guiyu, Guangdong 


/ 


2687ng/g wet wt. 


Luo et al. (2007) 


Carp of Guiyu, Guangdong 


/ 


1088 ng/g wet wt. 


Luo et al. (2007) 


Mussel, Fiong Kong coastal 


/ 


40.2.0-83.5 


Liu et al. (2005b) 


waters 


Indo-Pacific humpback 


/ 


6000 


Kajiwara et al. (2006) 


dolphin, Fiong Kong 


Common carps, Yangtze River 


/ 


1100 


Xian et al. (2008) 


Common carp muscle. 


14.0 


50.0 


Xu et al. (2009) 


Nongkang River 


Common carp egg, Nongkang 


8.9 


29.0 


Xu et al. (2009) 


River (Jiansu Province) 


Mussel, Qingdao coastal 


/ 


0.75 ng/g dry wt. 


Yang et al. (2003) 


Shell fish, Laizhou Bay, 


/ 


720 


Jin et al. (2008) 


Shangdong 


Molluscs, Bahai Bay 


/ 


238.6ng/ dry wt. 


Wan et al. (2008) 


Perch fish, Bohai Bay 


/ 


3230ng/g wet wt. 


Wan et al. (2008) 


Fishes rivers and estuaries. 


/ 


30.6-281 


Peng et al. (2007) 


Taiwan 

Other parts of the world 


Salamander, M Psa Lakes, 
Norway 


/ 


1120 


Mariumssen et al. 
(2008) 


Polar bear, Norway 


/ 


70 


Muir et al. (2006) 


Feral carp of Lobregat River, 
Spanish 


/ 


744 


Labandeira et al. 
(2007) 


Dolphin, Seto Inland Sea, Japan 


/ 


1300 


Kajiwara et al. (2006) 


Salamander, Baltio Sea 


/ 


180 


Asplund et al. (1999) 


Barracuda, Viskan River, 


/ 


4600 


Sellstrdm et al. (1998) 


Sweden 



All units are in ng/ g lipid unless otherwise stated. 



BDE-153 and 99 were the most dominant congeners commonly found in ter- 
restrial animals (Luo et al. 2009). 

BDE-209 was the main congener detected in the tissue of vulture, whereas 
BDE-153 was commonly found in Chinese ibis and small eagle, both of which 
are birds of prey. The eggs of silver gill sampled from Taihu Lake (located 
in the mid-eastern part of China) contained mainly BDE-209, 206, and 207 
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(Luo et al. 2009). It seems that terrestrial animals (including birds) may accu- 
mulate high-molecular-weight PBDE congeners, by feeding on food confam- 
inafed wifh fhem and breafhing in dusf confaining BDE-196, 197, 206, 207, 
and 209, which are affached fo parficles driffing in fhe air, whereas aquafic 
organisms are unlikely fo fake up BDE-209 and ofher high-molecular-weighf 
congeners because fhey are commonly absenf in fhe wafer column (Law 
ef al. 2006, Luo ef al. 2009). 

If has been commonly observed fhaf fhe concenfrafions of ZPBDEs in 
human milk have increased wifh fime, doubling every 5 years wifhin fhe 
pasf 30 years in Europe, Asia, and America (Schecfer ef al. 2003, Hifes 2004). 
A sfudy showed fhaf ZPBDEs in Swedish human milk increased 60 fimes 
from 0.07ng/g lipid in 1972 fo 4.01 in 1997 (Meironyfe ef al. 1999). If has been 
esfimafed fhaf fhe concenfrafions of ZPBDEs in human bodies increased 
almosf 100 fimes during fhe pasf 30 years (Wang and Jiang 2008). This has 
become a public healfh concern in China recenfly due fo fhe rafher high con- 
cenfrafions of PBDEs defecfed in differenf ecological comparfmenfs, espe- 
cially in several hofspofs fhroughouf China. 

Table 7.9 shows ZPBDEs in human milk samples from bofh urban and 
rural areas in Beijing were lower (0.97 and 1.22ng/g lipid, respecfively) fhan 
mosf ofher areas in China, for example, Nanjing, Cenfral Taiwan, Zhoushan 
Islands, Zhejiang Province, and Soufh China, ranging from 3.15 fo 7.7ng/g 
lipid (Bi ef al. 2007, Sudaryanfo ef al. 2008). This is possibly due fo differenf 
geographical and mefeorological condifions and lifesfyle choices, including 
diefary habifs. There is also a pofenfial for PBDEs fo fransfer from mofhers fo 
babies, wifh median ZPBDE concenfrafions found in fefal serum af 3.9ng/g 
lipid, whereas fhe amounf of ZPBDEs presenf in mafernal serum is measured 
af 4.40 ng/g lipid (Bi ef al. 2006). 

Human fissues (kidney, liver, and lung) from residenfs of fhe e-wasfe 
recycling sifes in Zhejiang Province confained ZPBDEs of 118-270 ng/g lipid, 
wifh BDE-47, 99, 100, 153, and 154 being fhe mosf common congeners. In 
parficular, BDE-47 confribufed fo more fhan half of fhe fofal PBDEs. These 
PBDE congeners are also commonly found in biofa samples, especially in 
aquafic biofa; however, residenfs and workers of e-wasfe sifes always have 
high body loadings (in milk, serum, and blood) of BDE-209. This may be 
affribufed fo fheir increased exposure fo BDE-209 due fo fhe nafure of 
fheir recycling jobs wifh e-wasfe (Liu ef al. 2005a). The exposure pafhways 
include inhalafion, skin confacf, and oral infake of confaminafed wafer and 
food. Cancer pafienfs from e-wasfe sifes confained high concenfrafions of 
BDE-209 (191-270 ng/g lipid), wifh some individual pafienfs confaining body 
burdens ranging from 38,888 fo 72,964 ng/g lipid, abouf 200 fo 300 fimes 
higher fhan fheir normal counferparfs (Zhao ef al. 2009). Af Guiyu, e-wasfe 
workers also had high BDE-209 in fheir serum samples, up fo 3439 ng/g lipid 
(Bi ef al. 2007). 

An affempf has been made fo compare fhe concenfrafions of PBDEs in 
Chinese people fo populafions in ofher parfs of fhe world, wifh 1157 sefs of 
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TABLE 7.9 



Concentrations of PBDEs (ng/g Lipid) in Human Tissues of China Compared with 
Those from Ofher Parts of the World 





BDE-47 


ZPBDEs 


BDE-209 


References 


Human body, China 


Breast milk. South China 


/ 


3.15 


/ 


Bi et al. (2006) 


Fetal serum. South China 


/ 


3.84 


/ 


Bi et al. (2006) 


Placenta, Shenzhen, 


/ 


25.99 


/ 


Zhang et al. (2008) 


South China 


Cord blood, pregnant 


/ 


23.4 


/ 


Zhang et al. (2010) 



woman Shenzhen, 
South China 



Cancer patients in e-waste disassembly Zhejiang, East China 



Kidney 


53.6 


182.3 


191.3 (72,964)* 


Zhao et al. (2009) 


Liver 


50.8 


192.6 


118.1 (61,625)* 


Zhao et al. (2009) 


Lung 


38.7 


172.0 


270.0 (38,888)* 


Zhao et al. (2009) 


Serum, e-waste workers. 


/ 


/ 


3,439 


Bi et al. (2007) 


Guiyu, China 


Patients with uterine Leiomyomas of Hong Kong 
Subcutaneous fat 2.65 10.8 


/ 


Qin et al. (2009) 


Visceral fat 


3.50 


13.8 


/ 


Qin et al. (2009) 


Normal subcutaneous fat 


2.19 


4.44 


/ 


Qin et al. (2009) 


Human breast milk, Taiwan 


/ 


3.93 


/ 


Chao et al. (2007) 


Human breast milk. 


/ 


1.22 


/ 


Li et al. (2008) 


urban, Beijing 


Human breast milk, rural. 


/ 


0.97 


/ 


Li et al. (2008) 


Beijing 

Other parts of the world 


Serum, common person. 


/ 


366 


/ 


Schecter et al. (2006) 


the United States 


Serum, Vitatalian, 


/ 


127 


/ 


Schecter et al. (2006) 


the United States 


Human breast lipid, 1997, 


18.0 


38.3 


/ 


She et al. (2002) 


the United States 


Common lipid, 2004, the 


132 


399 


/ 


Johnson-Restrepo 


United States 
Human breast milk, UK 


/ 


150 


/ 


et al. (2005) 
Kalantzi et al. (2004) 


Human breast milk. 


/ 


291 


/ 


Huang et al. (2005) 


Osaka, Japan 


Human breast milk. 


/ 


5.44 


/ 


Eslami et al. (2006) 


Akita, Japan 


Human lipid, 2001, Sweden 


8.80 


13.4 


/ 


Haglund et al. (1997) 


Placenta, 1996, Finland 


0.77 


1.58 


/ 


Danial et al. (2004) 
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TABLE 7.9 (continued) 

Concentrations of PBDEs (ng/g Lipid) in Human Tissues of China Compared with 
Those from Ofher Parts of the World 





BDE-47 


LPBDEs 


BDE-209 


References 


Blood, computer 
workers, Spanish 


/ 


15.0 




Takumi et al. (2004) 


Serum of computer 
workers, Sweden 


/ 


26 


/ 


Sjodin et al. (2007) 



Cancer patients: Kidney (72,964)* Indicated the highest concentrations of BDE-209 at 
72,964ng/g lipid in 1 kidney tissue among 55 patients. Liver (61,625)* and lung (38,888)* also 
showed the highest concentrations of BDE-209 in the liver and lung, respectively, among the 
55 patients studied. 



data of ZPBDEs in blood and serum samples between 1977 and 2007, from 
10 countries (Wang and Jiang 2008). Results showed that ZPBDEs were the 
highest in blood serum from the United States, about 7-35 times higher 
than those from Europe (Table 7.9), followed by samples from Europe and 
Asia (Japan and South Korea). In general, ZPBDEs from the blood serum of 
pregnant mothers and their newborn babies from South China were rela- 
tively lower when compared with data from other countries (Luo et al. 2009, 
Wang and Jiang 2008); for example, milk samples of Japanese women reached 
291 ng/g lipid, which was the highest among Asian countries (Huang et al. 
2005). However, milk samples of e-waste workers in China had extremely 
high ZPBDEs (192 ng/g lipid), especially BDE-209 (270 ng/g lipid), with one 
individual reaching 72,964 ng/g lipid (Zhao et al. 2009). The data show that 
the levels of ZPBDEs were much higher than those of computer workers in 
Spain (Takumi et al. 2004). 



Impacts on Human Health 

Because PBDEs are structurally similar to PCBs, concerns have been raised 
on their possible adverse health effects, particularly neurotoxic effects in new- 
borns and children (Chao et al. 2007). In fact, PBDEs have been associated with 
endocrine disruption, reproductive-developmental toxicity, including neuro- 
toxicity and even cancer, due to their common presence in abiotic and biotic 
environments and in human tissues. A study that used animals tested the 
effects of Deca-BDE exposure on maternal rats indicated that Deca-BDE and 
its metabolites were passed onto their offspring through milk, which affected 
their learning and memorizing ability (Chen et al. 2006b, Jiang et al. 2009). 

Emerging studies on long-term neurological effects of acute administra- 
tion of PBDEs during development suggests that these compounds can act as 
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potent thyroid hormone mimetics. A hypothesis that PBDEs may also serve 
as risk factors for aufism emerges, when fhese dafa are considered in com- 
binafion wifh fhe exfensive liferafure on sfage-dependenf effecfs of fhyroid 
hormone on aspecfs of brain developmenf, an implicafion specifically relafed 
fo aufisfic brains (Messer 2010). 

Based on animal models, if has been revealed fhaf fhe large-scale commer- 
cial Deca-BDE mixfure used in China is less foxic fhan lower-brominafed 
PBDEs. However, Deca-BDE decomposes fo lower BDE congeners, and rafs 
and mice fed wifh food confaminafed by fhe PBDE mixfure have been 
shown fo develop fhyroid problems. If is speculafed fhaf many of fhe fhy- 
roid effecfs of PBDEs are specific fo fhe species of fesf animals (Chen ef al. 
2006b). Subfle behavioral changes have been observed in animals exposed 
fo PBDEs as infanfs. One possible explanafion for fhe behavioral effecfs 
may be relafed fo changes in fhe fhyroid because fhe developmenf of fhe 
nervous sysfem is dependenf on fhyroid hormones. Resulfs from animal 
fesfing also showed fhaf PBDEs may impair fhe immune sysfem. In addi- 
fion, if has been observed fhaf rafs and mice fhaf were exposed fo PBDEs 
developed liver fumors. Alfhough if has nof been proved whefher PBDEs 
will cause cancer in humans, fhe facf fhaf cancer pafienfs have high con- 
cenfrafions of ZPBDEs, BDE-47, and BDE -209 should nof be overlooked (Qin 
ef al. 2009). 

BDE-209 possesses fhe foxic acfivify of anfiproliferafion and inducfion of 
apoptosis in fumor cells in vitro. BDE-47 causes a concenfrafion-dependenf 
decrease in cell proliferafion and is cytotoxic and genofoxic fo SH-SY5Y cells 
in vitro, which resulfs in fhe loss of neuronal characferisfics and adversely 
affecfs learning abilify (He ef al. 2007, Zhang ef al. 2007). The toxicologi- 
cal end poinfs of concern for environmenfal levels of ZPBDEs are likely fo 
be fhyroid hormone disrupfion, neurodevelopmenfal deficifs, and cancer 
(McDonald 2002). 

According fo Table 7.9, if could nof be confirmed whefher cancer pafienfs 
who had fhe disease had high concenfrafions of several BDE congeners, 
such as BDE-47, 99, 100, 153, 154, BDE-209, and fofal PBDEs, based on fhe 
dafa collecfed from fhe e-wasfe sifes in Zhejiang Province. However, fhe 
pafienfs confained a rafher high concenfrafion of PBDEs in fheir body 
(kidney, liver, and lung), wifh BDE 47, BDE-209, and ZPBDEs reaching 
38.7-53.6, 172-192, and 118-270 ng/g lipid, respecfively, when compared 
wifh healfhy people. In some human samples, BDE-209 concenfrafions 
were up fo 38,888-72,964 ng/g lipid in cancer pafienfs living around fhe 
e-wasfe site in Zhejiang Province (Zhao ef al. 2009). Our recenf sfudy con- 
ducted in Hong Kong showed fhaf BDE-47 and ZPBDEs reached 2.65-3.50 
and 10.8-13.8 ng/g lipid, respecfively, from fhe subcufaneous faf and vis- 
ceral faf of pafienfs wifh uferine leiomyomas, which were fwo fo fhree 
fimes higher fhan fhe levels found in healfhy people (Qin ef al. 2009). 
Chao ef al. indicafed fhaf pregnanf women exposed fo rafher tow PBDE 
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concentrations (about 2.0-5.0ng/g lipid) in central Taiwan had babies 
with lower birth weights and shorter birth lengths (length of the baby at 
birth) (Chao et al. 2007). 

Zhang et al. conducted an investigation on the relationship between BDE- 
47 and oxidative stress and apoptosis in human neuroblastoma SH-SY5Y 
cells, in order to determine the role of reacfive oxygen species (ROS) on 
apoptosis. Resulfs showed fhaf fhe rafe of cellular survivors in fhe high-dose 
PBDE-47-freafed group was significanfly higher fhan fhaf found in fhe con- 
frol group; fherefore, if can be concluded fhaf BDE-47 can induce oxidafive 
sfress and apoptosis in SH-SY5Y cells. ROS may play an imporfanf role in 
apoptosis induced by BDE-47 (Zhang ef al. 2007). 

Mefhoxyresorufan-o-demefhylase (MROD) was used fo analyze compefi- 
five inhibifion from BDE-47, 77, 85, 119, and 126 fo Cytochrome P450 1A2, 
which is a monooxidizing enzyme fhaf can speed up fhe mefabolism of ions 
of pollufanfs and carcinogenic chemicals in raf hepafocyfic microsomes. If is 
known fhaf PBDE congeners have similar, buf somewhaf lower, inhibifion fo 
Cyfochrome P450 1A2, as dioxins (PCDD/Ps) (Nie ef al. 2005). Therefore, fhe 
presence of PBDE congeners may reduce fhe human body's abilify fo mefab- 
olize ions of organic pollufanfs, leading fo a high accumulafion of fhese pol- 
lufanfs in fhe body (Yang ef al. 2009). 

Eurfhermore, PBDEs may combine wifh aromafic hydrocarbons and form 
dioxin-like chemicals; when wasfe maferials confaining PBDEs are burnf af 
e-wasfe sifes, polybrominated dibenzo-p-dioxin (PBDDs) and polybromi- 
nafed dibenzofuran (PBDEs) are produced, which possess sfrong acufe fox- 
icify and pose long-term adverse effecfs on human healfh (Chen ef al. 2001, 
Wang and Jiang 2008). 



Conclusion 

There were seven hofspofs of PBDEs fhroughouf China as shown in Eigure 7.3. 
Eour of fhese hofspofs were from sedimenfs and soil as follows: (1) sedimenfs 
from fhe moufh of fhe Beihe River of fhe Bohai Sea, 2,777 ng/g dry wf; (2) sedi- 
menfs of fhe Pearl River Esfuary 7,340 ng/g dry wf; (3) sedimenfs from Laizhou 
Wan, 6,189 ng/g dry wf; and (4) fhe combusted residues af Guiyu e-wasfe sifes, 
48,600 ng/g dry wf. There was one hofspof wifh regard fo air: (5) fhe air of 
Guangzhou and Dongguan, wifh PBDEs found fo range befween 7,859 and 
9,133 pg/m. There were several biofa fhaf had high concenf raf ions of PBDEs (6) 
dolphins, Hong Kong, 6,000 ng/g lipid; fish, Guangzhou markefs, 3,850 ng/g 
lipid; fish, Bohai Sea, 230 ng/g lipid; and fish, Guiyu, 2,687 ng/g lipid. There were 
also high concenfrafions of PBDEs in human fissue (7) from Guiyu, 3,499 ng/g 
lipid, and from cancer pafienfs in Zhejiang Province, 72,964ng/g lipid. 
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PBDE contamination hotspots in China: (A) air, (B) sediment, (C) fish tissue, (D) human tissue, 
and (E) seawater column. 



PBDEs are known to be endocrine disrupters, which destroy thyroid hor- 
mone balance, impose neurodevelopmental deficits and reproductive devel- 
opmental toxicity, and even cause cancer. The concentrations of ZPBDEs in 
air, sedimenf, soil, fish, and human fissues from Guiyu, fhe mosf infensive 
e-wasfe sife, were fhe highesf among fhe 12 large-scale e-wasfe recycling 
sifes in China. There seems fo be sufficienf evidence showing bioaccumula- 
fion and biomagnificafions of PBDEs in some of fhese sifes, leading fo very 
high concenfrafions in human fissues, parficularly in cancer pafienfs. 

Due fo rapid indusfrializafion and modernizafion, large amounfs of 
PBDEs have been produced and used in China. Aparf from fhose indusfrial 
hofspofs, if is envisaged fhaf emission of PBDEs info air from elecfrical and 
elecfronic equipmenf used in offices and homes is fasf becoming a serious 
problem in China, especially because fhese producfs are now gaining popu- 
larify in villages and more remofe areas. Therefore, fhere is an urgenf need 
fo address fhese pressing issues relafed fo PBDEs. 




Polybrominated Diphenyl Ethers in China 



137 



Acknowledgments 

This research is supported by The Research Grants Council of the University 
Grants Committee of Hong Kong (Cenfral Allocafion Group Research Projecf 
HKBU 1/03C). We would also like fo fhank for fhe supporf from fhe mini 
AoE of fhe Hong Kong Bapfisf Universify and Special Equipmenf Granf of 
RGC RC/AoE/08-09/01 and SEC HKBU 09. 



References 

Agrella C, ter Schurea AFH, Svedera J. 2004. Polybrominated diphenyl ethers (PBDEs) 
at a solid waste incineration plant 1: Atmospheric concentrations. Atmospheric 
Environment 38: 5139-5148. 

Allchin CR, Law RJ, Morris S. 1999. Levels and trends of brominated flame retardants 
in the European environment. Environmental Pollution 105: 197-207. 

Andersson I, Blomkvist G. 1981. Polybrominated diphenyl ethers (PBDEs) in fish 
samples Sweden. Chemosphere 10: 1051-1060. 

Asplund L, Athanasiadou M, Sjodin AA, Borjeson H. 1999. Organohalogen sub- 
stances in muscle, egg and blood from healthy Baltic salmon (Salmo salar) and 
Baltic salmon that produced offspring with M74 syndrome. Ambio 28: 67-76. 

BAN and SVTC (The Basel Action Network and Silicon Valley Toxics Coalition). 2002. 
Exporting harm: The high-tech trashing of Asia. February 25, 2002. http:/ / 
www.ban.org/E-wastetechnotrashfinalcomp.pdf 

Bi XH, Qu WY, Sheng GY, Zhang WB, Mai BX, Chen DJ, Yu L, Fu JM. 2006. 
Polybrominated diphenyl ethers in South China maternal and fetal blood and 
breast milk. Environmental Pollution 144: 1024-1030. 

Bi XH, Thomas GO, Jones KC, Qu WY, Sheng GY, Martin FL, Fu JM. 2007. Exposure 
of electronics dismantling workers to polybrominated diphenyl ethers, poly- 
chlorinated biphenyls, and organic chlorinated pesticides in south China. 
Environmental Science and Technology 41: 5647-5653. 

Booij K, Zegers B, Boon J. 2000. Levels of some brominated diphenyl ethers (PBDEs) 
flame retardants along the Dutch coast as derived from their accumulation in 
SPMDs and blue mussels (Mytilus edulis). Organohalogen Compounds 47: 89-92. 

Chao HR, Wang SL, Lee WJ, Wang YF, Papke 0. 2007. Level of polybrominated diphe- 
nyl ethers (PBDEs) in breast milk from central Taiwan and their relation to infant 
birth outcome and maternal menstruation effects. Environmental International 
32: 239-245. 

Chen LG, Huang YM, Peng XC, Xu ZC, Zhang SK, Ren MZ, Ye ZX, Wang XH. 2009. 
PBDEs in sediments of Beijing River China: Level, distribution, and influence of 
total organic carbon. Chemosphere 76: 226-231. 

Chen G, Konstantinov AD, Chittim BG. 2001. Synthesis of polybrominated diphenyl 
ethers and their capacity to induce CYPIA by the Ah receptor mediated path- 
way. Environmental Science and Technology 35: 3749-3756. 




138 



Environmental Contamination 



Chen DH, Li LP, Bi XH, Zhao JP, Sheng GY, Fu JM. 2008a. PBDEs pollution in the 
atmosphere of typical e-waste dismantling region. Environmental Science 29: 
2105-2110 (in Chinese). 

Chen L, Mai B, Bi X. 2006a. Concentration levels, compositional profiles, and gas- 
particle portioning of polybrominated diphenyl ethers (PBDEs) in the atmo- 
sphere of an urban city in South China. Environmental Science and Technology 
40: 1190-1196. 

Chen LG, Mai BX, Xu ZC, Hang JL, Peng XC, Sheng GY, Fu JM. 2008b. Comparison of 
PCBs and PBDEs concentrations and compositions in Guangzhou atmosphere 
in summer. Acta Scientiae Circumstantiae 28: 150-155. 

Chen DJ, Yu L, Liao QP, Qie WY. 2006b. Effect of maternal exposure to BDE-209 on 
offspring learning and memory ability and detection of the concentration of 
BDE-209 in serum. Chinese Journal of Medicine 9: 412-415. 

Chen YQ, Zhang ZD. 1998. Situation and development prospect of brominated flame 
retardants. Chemical Engineer 23: 33-35. 

Danial L, Maria A, loannis A. 2004. Preliminary study on PBDEs and HBCD in blood 
and milk from Mexican women. In The Third International Workshop on Brominated 
Flame Retardants, Toronto, Ontario, Canada, August 15-18, 2004, pp. 483-488. 

De Boer J, Wester PG, Van HA. 2003. Polybrominated diphenyl ethers in influents, 
suspended particulate matter, sediments, sewage treatment plant and effluents 
and biota from the Netherlands. Environmental Pollution 122: 63-74. 

De Carlo J, Ann Y. 1979. Studies on brominated chemicals in the environment. 
Environmental Science and Technology 320: 678-681. 

Decision Etudes & Conseil. 2004. China: Tomorrow's leader in electronics? www.deci- 
sion.eu/ang/prod_chi_a.htm 

Deng, WJ, Zheng JS, Bi XH, Eu JM, Wong MH. 2007. Distribution of PBDEs in air 
particles from elecfronic waste recycling sites compared with Guangzhou and 
Hong Kong, South China. Environmental International 33: 1063-1069. 

D'Silvia K, Eernandes A, Rose M. 2004. Brominated organic micropollutants igniting 
the flame retardant issue. Critical Reviews in Environmental Science and Technology 
34: 141-207. 

Eljattat E, De la Cal A, Raldua D, Duran C, Bareelo D. 2004. Occurrence and bio- 
availability of polybrominated diphenyl ethers and hexabromocyclododecane 
in sediment and fish from the Cinca River. Environmental Science and Technology 
38: 2603-2608. 

Eslami B, Koizumi A, Olata S. 2006 Concentrations of polybrominated diphenyl 
ethers (PBDEs) in breast milk of Japanese. Chemosphere 63: 554-561. 

Guan YE, Wang JZ, Ni HG, Luo XJ, Mai BX, Zeng EY. 2007. Riverine inputs of poly- 
brominated diphenyl ethers from the Pearl River Delta (China) to the coastal 
Ocean. Environmental Science and Technology 41: 6007-6013. 

Haglund PS, Zook DR, Buser HR. 1997. Identification and quantification of poly- 
brominated diphenyl ethers and methoxy-polybrominated diphenyl ethers in 
Baltic biota. Environmental Science and Technology 31: 3281-3287. 

Harrad S, Hunter S. 2004. Spatial variation in atmospheric levels of PBDEs in 
passive air samples on an urban-rural transect. Organohalogen Compounds 
66: 3786-3792. 

Hawakawa K, Takatsuki H, Watanabe I, Sakai S. 2004. PBDEs in atmosphere over 
Osaka, Kyoto, Japan. Organohalogen Compounds 59: 299-302. 




Polybrominated Diphenyl Ethers in China 



139 



He WH, He P, Wang AG, Xia T, Xu BY, Chen XM. 2007. Effects of PBDE-47 on cytotox- 
icity and genotoxicity in human neuroblastoma cell in vitro. Mutation Research/ 
Genetic Toxicology and Environmental Mutagenesis 649: 62-70. 

Hites R. 2004. Polybrominated diphenyl ethers in environment and people. 
Environmental Science and Technology 38: 945-1056. 

Hoh E, Hites RA. 2005. Brominated flame refardants in fhe afmosphere of the east 
central United States. Environmental Science and Technology 39: 7794—7782. 

Hong Kong Greenpeace Organization. Anthropological survey report on e-waste dis- 
mantling in Guiyu, Shantou, 2003. 

Huang YM, Chen LG, Ye ZX, Xu ZC, Peng XC, Zhang SQ, Li H. 2009a. Level and 
distribution pattern of polybrominated diphenyl ethers (PBDEs) in sediment of 
Pearl River, Guangdong. Environmental Chemistry 28: 140-142. 

Huang MY, Peng XC, Xu ZC, Ye WZX. 2009b. Polybrominated diphenyl ethers in 
room dust of Soufh China: Specialty and effect. Scientific Guidance 78: 169-174. 

Huang JL, Zhu JS, Hong ZD, Zhang XP, Hu Z, Pan J, Huang LC. 2005. Harmfulness 
of plastic flame-retardants PBDEs used on electronic and electrical equipment. 
Research and Development 2(5): 40M3. 

Jiang HP, Yu YH, Chen GJ. 2009. Biological effect and toxicity of polybrominated 
diphenyl ethers. Guangdong Medical Journal 30: 144-146. 

Jin J, Wang Y, Liu WZ, Tang XY. 2008. Level and distribution of polybrominated diphe- 
nyl ethers in soil from Laizhou Bay. Acta Scientiae Circum Stantiae 28: 1463-1468. 

Johnson-Restrepo B, Kannan K, Rapaporf DP, Rodan BD. 2005. Polybrominated 
diphenyl ethers and polychlorinated biphenyls in human adipose tissue from 
New York. Environmental Science and Technology 39: 5177-5182. 

Kajiwara N, Kamikawa S, Ramu K, Ueno D, Yamada TK, Subramanian A, Lam 
PKS et al. 2006. Geographical distribution of polybrominated diphenyl ethers 
(PBDEs) and organochlorines in small cetaceans from Asia waters. Chemosphere 
64: 287-295. 

Kalantzi Of, Martin EL, Thomas GO, Alcock RE, Tang HR, Drury SC, Carmichael 
PL, Nicholson JK, Jones KC. 2004. Different levels of polybrominated diphe- 
nyl ethers (PBDEs) and chlorinated compoimds in breast milk from two UK 
regions. Environmental Health Perspectives 112: 1085-1091. 

Kazuhiko A, Firotaka O, Masahiro O. 2001. GC/MS analysis of polybrominated 
diphenyl ethers in fish collected from the inland sea of Seto, Japan. Chemosphere 
44: 1325-1333. 

Kiriluk RM, Whittle DM, Keir MJ, Carswell AA, Huestis SY. 1997. The Great Lakes 
Fisheries Specimen Bank: A Canadian perspective in environmental specimen 
banking. Chemosphere 34: 1921-1932. 

Labandeira A, Eljarrat E, Barrel D. 2007. Congener distribution of polybrominated 
diphenyl ethers (PBDEs) in feral carp (Cypriuscarpio) from L Lobregat River, 
Spanish. Environmental Pollution 146: 188-195. 

Lacorte S, Guillamon M, Martinez E. 2003. Occurrence and specific congener pro- 
file of 40 polybrominated diphenyl ethers in river and coastal sediments from 
Portugal. Environmental Science and Technology 37: 892-898. 

La Guardia M, Haler C, Harvey E. 2006. Detailed polybrominated diphenyl ethers 
(PBDEs) congener composition of the widely used penta- octa- and deca- 
PBDE technical flame-retardant mixtures. Environmental Science and Technology 
40: 6247-6254. 




140 



Environmental Contamination 



Lau KF. 2008. Risk assessment of polybrominated diphenyl ethers, coplanar poly- 
chlorinated biphenyls, polychlorinated dibenzo-p-dioxins and polychlorinated 
dibenzofurans in cetaceans in Hong Kong waters. MPhil thesis. City University 
of Hong Kong, Kowloon, Hong Kong. 

Law RJ, Allchin CR, de Boer J, Covaci A, Herzke D, Lepom P, Morris S, Tronczynski 
J, de Wit CA. 2006. Levels and trends of brominated flame retardants in the 
European environment. Chemosphere 64: 187-208. 

Leung AOW, Luksemburg WJ, Wong AS, Wong MH. 2007. Spatial distribution of 
polybrominated diphenyl ethers and polychlorinated dibenzo-p-dioxins and 
dibenzofurans in soil and combusted residue at Guiyu, an electronic waste recy- 
cling site in South China. Environmental Science and Technology 41: 2730-2737. 

Li JG, Yu HP, Zhao YF, Zhang G, Wu YN. 2008. Levels of polybrominated diphenyl 
ethers (PBDEs) in breast milk from Beijing, China. Chemosphere 73: 182-186. 

Li YM, Zhang QH, Ji DS, Wang T, Wang YW, Wang P, Ding L, Jiang GB. 2009. Levels 
and vertical distributions of PCBs, PBDEs, and OCPs in the atmospheric 
boundary layer: Observation from the Beijing 325-m meteorological tower. 
Environmental Science and Technology 43: 1030-1035. 

Lin ZS, Ma XD, Zhang QH, Yao ZW, Ma YA. 2008. Study on polybrominated diphe- 
nyl ethers (PBDEs) in sediments surrounding Bohai Sea. Marine Environmental 
Science 2J: 24-27. 

Liu ZH, Lian YH, Chau ZM, Ma QM. 2007. Advance of the distribution and pattern 
of polybrominated diphenyl ethers (PBDEs) in the environment. Chinese Journal 
of Soil Science 38: 1227-1233. 

Liu J, Luo XJ, Chen SJ, Luo Y, Zhen L, Mai BX. 2009. Concentration and distribution pat- 
tern of polybrominated diphenyl ethers (PBDEs) in scatterfet chickens from elec- 
tronic waste recycling site. Modern Agriculture Science and Technology 24: 293-297. 

Liu JX, Xu SJ, Wu KS, Li Y, Fu X. 2008. Contamination of polybrominated diphenyl 
ethers (PBDEs) and their measure. Journal of Shantou University Medical College 
21: 126-129. 

Liu HX, Zhang QH, Jian GB, Cai ZW. 2005a. Polybrominated diphenyl ethers and its 
environmental problems. Progress in Chemistry 17: 554—562. 

Liu Y, Zheng GJ, Yu HX, Martin M, Richardson BJ, Lam MHW, Lam PKS. 2005b. 
Polybrominated diphenyl ethers (PBDEs) in sediments and mussel tissues from 
Hong Kong marine waters. Marine Pollution Bulletin 50: 1173-1184. 

Lu Y, Wang LN, Huang J, Wang T. 2007. Level and distribution of polybrominafed 
diphenyl ethers in sediments and fish tissue of Haihe River and Bohai Bay. 
Environmental Pollution and Protection 29: 652-660. 

Luo Q, Cai ZW, Wong MH. 2007. Polybrominated diphenyl ethers (PBDEs) in fish and 
sediment from river polluted by electronic waste. Science of the Total Environment 
383: 115-127. 

Luo XJ, Mai BX, Chen SJ. 2009. Advances on study of polybrominated diphenyl 
ethers. Progress in Chemistry 21: 359-368. 

Luo XJ, Yu M, Mai BX, Chen SJ. 2008. Distribution and partition of polybrominated 
diphenyl ethers (PBDEs) in water of Zhejiang River Estuary. Chinese Science 
Bulletin 53: 93-500. 

Mai BX, Chen SJ, Luo XJ, Chen LG, Yang QS, Sheng GY, Peng PG, Fu JM, Zeng EY. 
2005. Distribution of polybrominated diphenyl ethers in sediments of the Pearl 
River Delta and adjacent South China Sea. Environmental Science and Technology 
39: 3521-3527. 




Polybrominated Diphenyl Ethers in China 



141 



Manchester NJ, Valters K, Sonzogn WC. 2001. Comparison polybrominated diphenyl 
ethers (PBDEs) and polychlorinated biphenyls (PCBs) in Lake Michigan sedi- 
ments. Environmental Science and Technology 35: 1072-1077. 

Mariumssen E, Fjield E, Breivik K. 2008. Elevated levels of polybrominated diphenyl 
ethers (PBDEs) in fish from Lake Josa Norway. Science of the Total Environment 
390: 132-141. 

McDonald TA. 2002. A perspective on the potential health risks of PBDEs. Chemosphere 
46: 745-755. 

Meironyte D, Noren K, Bergman A. 1999. Analysis of polybrominated diphenyl 
ethers in Swedish human milk. A time-related trend study, 1972-1997. Journal of 
Toxicology and Environmental Health. Part A: Current Issues 58: 329-341. 

Meng X, Zeng EY, Yu L. 2007. Persistent halogenated hydrocarbons in consumer fish 
of China regional and global implications for human exposure. Environmental 
Science and Technology 41: 1821-1827. 

Messer A. 2010. Mini-review: Polybrominated diphenyl ether (PBDE) flame retar- 
dants as potential autism risk factors. Physiology Behavior 100: 245-249. 

Moon HB, Choi HG, Kim SS, Jeong SR, Lee PY. 2002. Contaminations of polybromi- 
nated diphenyl ethers in marine sediments from the south-eastern coastal areas 
of Korea. Organohalogen Compound 58: 217-220. 

Muir DCG, Backus S, Derocher AE. 2006. Brominated flame refardants in polar 
bear (Ursus maritimus) from Alaska, the Canadian Arctic, east Greenland and 
Svalbard. Environmental Science and Technology 40: 449M55. 

Ni HG, Zeng EY. 2009. A big picture view of halogenafed chemical exposures in 
China — A Report on China E-Waste Recycling Contamination and Response 
Policy Workshop, Guangzhou, 2009. pp. 1-45. 

Nie EH, Chen JJ, Bunce N. 2005. MROD analysis of competitive inhibition from poly- 
brominated diphenyl ethers to P450 1A2 (CYP 1A2) in rat hepatocytic micro- 
somes. Chinese Agriculture Bulletin 21: 12. 

Ohta S, Ishizaki D, Nishimura H, Nakao T, Aozasa O, Okumura T, Miyata H. 2001. 
Polybrominated diphenyl ethers (PBDEs) in atmosphere, Japan. Organohalogen 
Compounds 52: 210-213. 

Oros DR, Horver D, Rodigari E. 2005. Levels and distribution of polybrominated 
diphenyl ethers (PBDEs) in water surface sediments and bivalves from San 
Francisco Esfuary. Environmental Science and Technology 39: 33-41. 

Ou SM. 2006. Defermination of flame retardant-polybrominated diphenyl efhers 
(PBDEs) in the sediments from Xiamen coasfal area and Yuan Dan Lake by GC/ 
MS isotope dilution method. Fujian Analysis and Testing 15: 1-3. 

Peng, JH, Huang CW, Weng YM, Yak HK. 2007. Determination of polybrominated 
diphenyl ethers (PBDEs) in fish samples from rivers and esfuaries in Taiwan. 
Chemosphere 66: 1990-1997. 

Qin YY, Leung CKM, Leung AOW, Wu SC, Zheng JS, Wong MH. 2009. Persisfent 
organic pollutants and heavy metals in adipose tissues of patients with uterine 
leiomyomas and the association of pollutants with seafood dief, BMl, and age. 
Environmental Science and Pollution Research 17: 229-240. 

Ramu K, Kajiwara N, Tanabe S, Lam PKS, Jefferson TA. 2005. Polybrominated diphe- 
nyl ethers (PBDEs) and organochlorines in small cetaceans from Hong Kong 
waters: Levels, profile and disfribution. Marine Pollution Bulletin 51: 669-676. 

Robinson BH. 2009. E-waste: An assessment of global production and environmental 
impacts. Science of the Total Environment 408: 183-191. 




142 



Environmental Contamination 



Samara F, Tsai CW, Aga DS. 2006. Determination of potential sources of PCBs and 
PBDEs in sediments of the Niagara River. Environmental Pollution 139: 489-497. 

Schecter A, Harris TR, Papke O. 2006. Polybrominated diphenyl ether (PBDE) levels 
in blood of pure vegetarians. Toxical Environmental Chemistry 88: 107-112. 

Schecter A, Pavuk M, Papke O. 2003. Concentrations of polybrominated diphe- 
nyl ethers (PBDEs) in breast milk of American women. Environmental Health 
Perspectives 111: 1723-1729. 

Sellstrom U, Kierkegaard A, de Wit C, Jansson B. 1998. Polybrominated diphenyl 
ethers and hexabromocyclododecane in sediment and fish from a Swedish river. 
Environmental Toxicology and Chemistry 17: 1065-1072. 

She, JW, Perreas M, Winkler J, Visita P, Mckinney M, Kope D. 2002. PBDEs in the San 
Francisco Bay area: Measurements in harbour seal and human breast adipose 
tissue. Chemosphere 46: 697-707. 

Shen M, Yu YJ, Zheng GJ, Yu HX, Lam PKS, Feng JF, Wei ZB. 2006. Polybrominated 
biphenyls and polybrominated diphenyl ethers in surface sediments from 
Yangtze River Delta. Marine Pollution Bulletin 52: 1299-1304. 

Sjodin L, Hagmar E, Klasson WK. 2007. Polybrominated diphenyl ethers (PBDEs) 
in blood from Swedish workers. Environmental Health Perspectives 107: 643-648. 

Song WL, Ford JC, Li AN. 2004. Polybrominated diphenyl ethers in sediments of the 
Great Lakes. Environmental Science and Technology 38: 3286-3293. 

Sudaryanto A, Kajiwara N, Tsydenova O, Isobe T, Yu HX, Takahashi S, Tanabe S. 2008. 
Levels and congener specific profiles of PBDEs in human breast milk from China: 
Implication on exposure sources and pathways. Chemosphere 73: 1661-1668. 

Takumi T, Kurunthachalam SR, Hiroaki T. 2004. Impact of fermented brown rice with 
aspergillus oryzae (FEBRA) intake and concentrations of polybrominated diphe- 
nyl ethers (PBDEs) in blood of humans from Japan. Chemosphere 57: 795-811. 

Tamade Y, Shibukawa S, Osaki H, Kashimoto S, Yagi Y, Sakai S, Takasuga T. 2002. 
A study of brominated compounds release from appliance-recycling facility. 
Organohalogen Compounds 56: 189-192. 

UNEP DEWA/GRID-Europe. 2005. E-waste, the hidden side of the equipment's 
manufacturing and use. Environment Alert Bulletin 5, UNEP: Nairobi, Kenya, 
http:/ / www.grid.unep.ch/ product/ publication/ download/ ew_ewaste.en.pdf 

Wan Y, Hu JY, Zhang K, An LH 2008. Trophodynamics of polybrominated diphenyl 
ethers in the marine food web of Bohai Bay, North China. Environmental Science 
and Technology 42: 1078-1083. 

Wang LC, Lee WJ, Lee WS, Chang-Chien GP. 2011. Polybrominated diphenyl ethers in 
various atmospheric environments of Taiwan: Their levels, source identification 
and influence of combustion sources. Chemosphere 84: 936-942. 

Wang YW, Jiang GB, Lam PKS, Li A. 2007. Polybrominated diphenyl ethers in the 
East Asian environment: A critical review. Environment International 33: 963-973. 

Wang YW, Jiang GB. 2008. The research of human exposure to polybrominated 
diphenyl ethers and perfluorooctane sulfonate. Chinese Scientific Bulletin 
53: 481-492. 

Watanabe I, Kawano M, Tatsukawa R. 1995. Polybrominated and mixed polybrom- 
ino /chlorinated benzo-p-dioxins and dibenzofurans in the Japanese environ- 
ment. Organohalogen Compounds 24: 337-340. 

Watanabe I, Kawano M, Wang Y, Chen Y. 1992. Concentrations of PBDEs in air over 
e-waste recycling for metals at North of Taiwan. Organohalogen Compounds 
9: 309-312. 




Polybrominated Diphenyl Ethers in China 



143 



Wong MH, Wu SC, Deng WJ, Yu XZ, Luo Q, Leung AOW, Wong CSC, Luksemburg 
WI, Wong AS. 2007. Export of toxic chemicals — A review of the case of uncon- 
trolled electronic-waste recycling. Environmental Pollution 149: 131-140. 

Wu KS, Liu JX, Li Y, Fu X. 2008. Environmental distribution of polybrominated diphe- 
nyl ethers (PBDEs). Occupation and Health 24: 2467-2469. 

Wurl O, Lam PKS, Obbard JP. 2006a. Occurrence and distribution of polybrominated 
diphenyl ethers (PBDEs) in the dissolved and suspended phases of the sea-surface 
microlayer and seawater in Hong Kong, China. Chemosphere 65: 1660-1666. 

Wurl O, Obbard JP. 2004. A review of pollutants in the sea-surface microlayer 
(SML): A unique habitat for marine organisms. Marine Pollution Bulletin 
48: 1016-1030. 

Wurl O, Obbard JP. 2005. Organochlorine pesticides, polychlorinated biphenyls and 
polybrominated diphenyl ethers in Singapore's coastal marine sediments. 
Chemosphere 58: 925-933. 

Wurl O, Potter JR, Durville C, Obbard JP. 2006b. Polybrominated diphenyl ethers 
(PBDEs) over the open Indian Ocean. Atmospheric Environment 40: 5558-5565. 

Xian QM, Ramu K, Isobe T, Sudaryanto A, Liu XH, Gao ZS, Takahashi, Yu HX, 
Tanabe S. 2008. Levels and body distribution of polybrominated diphenyl 
ethers (PBDEs) and hexabromocyclododecanes (HBCD) in freshwater from the 
Yangtze river, China. Chemosphere 71: 268-276. 

Xiang CH, Luo XJ, Chen SJ. 2007. Polybrominated diphenyl ethers in biota and sedi- 
ments of the Pearl River estuary. South China. Environmental Chemistry and 
Technology 26: 616-623. 

Xu J, Dao ZS, Xian QM, Yu HX, Feng JF. 2009. Levels and distribution of polybro- 
minated diphenyl ethers (PBDEs) in the freshwater environment surrounding 
a PBDE manufacturing plant in China. Environmental Pollution 157: 1911-1916. 

Yang WH, Hu W, Feng Z, Liu HL, Yu HX. 2009. Study on endocrine disruption and 
structure-activity relationship of PBDEs and their metabolites. Asian Journal of 
Ecotoxicology 4: 164-173. 

Yang YL, Pan J, Li Y, Yin XC, Shi L. 2003. Persistent organic pollutants polychlorinated 
naphthalenes (PCN) and polybrominated diphenyl ethers (PBDEs) in coastal 
sediments of Qingdao, China. Chinese Science Bulletin 21: 2244-2251. 

Zeng EY. 2005. Distribution of polybrominated diphenyl ethers in sediments of the 
Pearl River Delta and adjacent South China Sea. Environmental Science and 
Technology 39: 3521-3527. 

Zhang M, He WH, He P, Xia T, Chen XM, Wang AG. 2007. Effects of PBDE-47 on oxi- 
dative stress and apoptosis in SH SY5Y cell. China Journal of Physical and Hygienic 
Occupation Disease 25: 145-147. 

Zhang JQ, Jiang YS, Zhou J, Wu B, Liang Y, Peng ZQ, Fang DK et al. 2010. Elevated 
body burdens of PBDEs, dioxins and PCBs on thyroid hormone homeostasis at 
an electronic waste recycling site in China. Environmental Science and Technology 
44: 3956-3962. 

Zhang JQ, Sun XK, Jiang YS, Zhou J, Wang LB, Ye ZY, Fang DK, Wang GB. 2008. 
Levels of PCDD/Fs, PCBs and PBDEs compounds in human placenta tissue. 
Chinese Medical Magazine 42: 911-918 (in Chinese). 

Zhao X, Wang GH, Liu SS, Gao SM, Shen GF, Gao SX, Wang XD, Feng JF, Wang LS. 
2008. Gas chromatography-ion trap tandem mass spectrometry for determi- 
nation of polybrominated biphenyl ethers in air of Nanjing. Chinese Journal of 
Analytical Chemistry 36: 137-142. 




144 



Environmental Contamination 



Zhao GF, Wang ZJ, Zhou HD, Zhao Q. 2009. Burdens of PBBs, PBDEs and PCBs in 
tissues of cancer patients in the e-waste disassembly sites in Zhejiang, China. 
Science of the Total Environment 407: 4831^837. 

Zheng GJ, Martin M, Richardson BJ, Yu HX, Liu Y, Zhou CH, Li J, Hu GJ, Lam MHW, 
Lam PKS. 2004. Concentrations of polybrominated diphenyl ethers (PBDEs) in 
Pearl River Delta sediments. Marine Pollution Bulletin 40: 520-524. 

Zhou MY, Xia B, Ma SS, Xin FY, Sun WH. 2009. Study on characteristics and marine 
environmental pollution of polybrominated diphenyl ethers (PBDEs). Progress 
in Fishery Sciences 30: 142-146. 

Zou MY, Gong J, Ran Y. 2009. The distribution and the environmental fate of poly- 
brominated diphenyl ethers in watershed soils of Pearl River Delta. Ecology and 
Environment Sciences 18: 122-127. 




8 



Removal of Persistent Organic 
Pollutants and Compounds of Emerging 
Concern in Public-Owned Sewage 
Treatment Works: A Review 



Ming Man and Ming Hung Wong 



CONTENTS 

Introduction 145 

Background on POPs and CECs 147 

Agricultural and Industrial Compounds 148 

Hormones and Antibiotics 148 

Other PhACs and PCPs 149 

Current Information on the Removal of POPs and CECs in POSTW 149 

Ofher Treafmenf Mefhods fo be Incorporafed info POSTWs 158 

Acfivafed Carbon Adsorpfion 158 

Ozone Treafmenf 167 

Reverse Osmosis 177 

Biological Aerafed Eilfers wifh Acfive Carbon Coupled 

wifh Ozone Treafmenf (BAC) 177 

Conclusion 178 

References 179 



Introduction 

Persistent organic pollutants (POPs) are organic compounds that are resis- 
tant to environmental degradation through chemical, biological, and sunlight 
degradation processes. POPs are known to persist in the environment for long 
periods due to such properties and can thus be capable of long-range transpor- 
tation between lands, rivers, and oceans. Such compounds will bioaccumu- 
late in seafood and animal tissues and subsequently become biomagnified in 
food chains and ultimately impact human health and the environment. Many 
POPs are pesticides such as DDT, whereas other compounds such as PCBs 
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are used in industrial applications and in the production of a wide range of 
producfs. In fhe pasf few years, pharmaceufically acfive compounds (PhACs) 
and personal care producfs (PCPs) have been discovered in various environ- 
menfs and wafer sources. Some of fhose compounds have been linked fo 
ecological impacfs af concenfrafions of less fhan Ing/L. These PhACs and 
PCPs were evenfually grouped wifh ofher emerging confaminanfs, such as 
nifrosamines from disinfecfion by-producfs (DBPs), mefals, and ofher new 
addifions of compounds, such as endocrine-disrupfing compounds (EDCs), 
and are collecfively referred fo as compounds of emerging concern (CECs) 
(Drewes ef al. 2006, WERE 2007). If has been reporfed fhaf cerfain synfhefic 
compounds, such as defergenfs and pesficides, and nafural compounds, 
such as sex hormones, can affecf fhe balance of normal hormonal funcfion 
in animals. These subsfances are classified as EDCs and have been linked fo 
a variefy of adverse effecfs in humans and wildlife (Snyder ef al. 2007). The 
U.S. Environmenfal Profecfion Agency (U.S. EPA) refer fo EDCs as exogenous 
agenfs fhaf inferfere wifh fhe "synfhesis, secrefion, fransporf, binding, acfion, 
or eliminafion of nafural hormones in fhe body which are responsible for fhe 
mainfenance of homeosfasis, reproducfion, development and/or behavior" 
(U.S. EPA 1996). In humans, sfudies have linked fhe exposure of mofhers fo 
phfhalafes such as diefhylhexyl phfhalafe fo adverse impacfs in fheir children, 
including lowered fesfosferone levels in boys (U.S. Deparfmenf of Healfh and 
Human Services 2008). EDCs are furfher classified as fhyroidal (compounds 
wifh direcf or indirecf impacfs fo fhe fhyroid glands), androgenic (com- 
pounds fhaf mimic or block nafural fesfosferone), and esf rogenic (compounds 
fhaf mimic or block nafural esfrogen) (Snyder ef al. 2007). Recenfly, fhe illegal 
replacemenf of palm oil wifh diefhylhexyl phfhalafe and diisononyl phfhal- 
afe (plasficizers) by some food-grade manufacfurers in Taiwan has caused 
huge producf recalls in numerous food, drink, and medicinal formulafions in 
Taiwan and surrounding frading markefs in June of 2011. 

POPs and CECs cover very diverse sfrucfures and physical/chemical 
characferisfics such as molecular weigh!, wafer solubilify, Kow, pKa, and 
charge densify. A single freafmenf process cannof, fherefore, be designed fo 
remove all POPs and CECs due fo fhe diverse nafure of fheir characferisfics. 
If is nof possible fo use effluenf qualify confaminafion surrogafes, such as 
biochemical oxygen demand (BOD) and chemical oxygen demand (COD), 
fo predicf fhe removal efficiencies of such POPs and CECs. Currenfly, mosf 
wasfewafer freafmenf facilifies are nof designed fo remove individual POPs 
and CECs buf are designed fo meef effluenf qualify paramefers such as 
fofal suspended solids (TSS), BOD, and COD. Only limifed informafion was 
found in ofher liferafure relafing fo fhe wasfe sewage freafmenf efficien- 
cies of POPs and CECs fhrough fhe freafmenf processes, where fhe majorify 
of fhe research and informafion was based on drinking-wafer freafmenf 
processes. In fhe USDI (2009) sfudy, researchers have focused on under- 
sfanding fhe fafe of approximafely 80 CECs primarily during pofable-wafer 
freafmenf. They selecfed fhose compounds because fhere are analyfical 
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techniques available in detecting them at concentrations as low as Ing/L. 
Literature reviews on wastewater treatments showed that many POPs and 
CECs are only partially removed by typical sewage treatment processes 
(Pickering and Sumpter 2003). The main removal pathways for the removal 
of POPs and CECs during wasfewafer freafmenf processes are fhe following 
(Birkeff and Lesfer 2003): 

• Compounds being adsorbed onfo suspended solids 

• Compounds going fhrough aerobic and anaerobic biodegradafion 

• Compounds going fhrough hydrolysis 

• Compounds going fhrough volafilizafion info fhe air space 

A complefed public-owned sewage freafmenf works (POSTW) would 
include physical, biological, and chemical freafmenf processes in order fo 
remove any corresponding confaminanfs, where each sewage freafmenf 
generally involves fhree sfages called primary, secondary, and ferfiary 
freafmenfs. More fhan one ferfiary freafmenf process may be used af any 
freafmenf planf in which ifs purpose is fo provide a final freafmenf sfage 
fo raise fhe effluenf qualify, before if is discharged info fhe receiving envi- 
ronmenf such as seas, rivers, lakes, and ground. Somefimes, fhe conver- 
sion of toxic ammonia fo nifrafe alone is referred fo as a ferfiary freafmenf. 
"Effluenf polishing" is fhe ferm used when chemical disinfecfion — such as 
wifh NaOCl, ozone, or physical disinfecfion, or wifh UV radiafion, microfil- 
frafion, and so on — is involved in freafmenf and is always fhe final process 
if presenf. Only advanced sewage freafmenf facilifies include fhree sfages of 
freafmenf, whereas mosf ofher facilifies will only include fhe primary sfage 
or a combinafion of primary and secondary freafmenfs. 

The major objecfives for fhis review came abouf in lighf of fhe findings 
from fhe liferafure, which examined fhe removal of confaminanfs by drink- 
ing-wafer and sewage freafmenf processes. The objecfives were fo evaluate 
fhe removal efficiencies of groups of POPs and CECs in POSTW and fo sug- 
gesf ofher alfernafives if removal efficiencies were insufficienf. 



Background on POPs and CECs 

The United Nafions Environmenf Programme Governing Council in May of 
1995 decided fo begin invesfigafing POPs, wifh a shorf lisf of 12 compounds, 
known as "fhe dirfy dozen": aldrin, chlordane, DDT, dieldrin, endrin, hepfa- 
chlor, hexachlorobenzene, mirex, PCB, polychlorinafed dibenzo-p-dioxins, 
polychlorinafed dibenzofurans, and foxaphene. Since fhen, fhis lisf has 
been extended fo include PAHs and cerfain brominafed flame refardanfs. 
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Many PCPs and PhACs have been discovered in surface water and ground 
water; some of these compounds could cause environmental and ecological 
impacts at trace levels. These PhACs and PCPs were eventually grouped 
with other emerging contaminants and are collectively referred to as CECs 
(Drewes et al. 2006, WERF 2007). CECs can be classified into different catego- 
ries based on their impacts to humans or the environment, which include 
the following groups: 

• Agricultural and Industrial compounds 

• Hormones and antibiotics 

• Other pharmaceutical compounds 

Agricultural and Industrial Compounds 

CECs in agriculture applications include pesticides, herbicides, and insec- 
ticides such as Atrazine, Lindane, DDT, and DEBT. They are used for 
preventing, destroying, repelling, or mitigating pests. The residues from 
agricultural applications and runoff at environmentally relevant concen- 
trations can affect the reproductive systems of animals (van Vuuren 2008). 
CECs used as industrial and household products such as coolants, plasticiz- 
ers, wood preservatives, fire retardants, and detergents cover a broad range 
of compounds. PCBs are one of the most well-known pollutants within 
the group of industrial and household products. They were commercially 
produced as complex mixtures, containing multiple isomers with different 
degrees of chlorination and used as coolants and insulating fluids for trans- 
formers and capacitors. The toxicity associated with PCBs and other chlori- 
nated hydrocarbons, including polychlorinated naphthalenes, were noticed 
very early on due to a number of industrial incidents (Drinker et al. 1937). 
Once PCBs enter into the influent of the sewage system, adsorption and 
subsequent sedimentation may immobilize them into the aquatic system 
for a long duration. PCBs that are redistributed into the water column can 
vaporize from the water surface into the air and into the environment. PCBs 
contained in aquatic sediments can act as environmental reservoirs and will 
release slowly over a long period of time. 

Hormones and Antibiotics 

Hormones include the naturally occurring hormones estrone (El), 
17[3-estradiol (E2), and estriol (E3), and synthetic hormone such as 
17a-ethinylestradiol (EE2). They are in birth control pills and are discharged 
into the environment mainly through wastewater effluent. The agricultural 
runoff introduces hormones from animal source. Antibiotics are commonly 
overprescribed in the industrial world. The practice of adding antibiotics to 
the feed of livestock and in the fish farms leads to the creation of antibiotic- 
resistant strains of bacteria, a harmful side effect (WHO 2002). 
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Other PhACs and PCPs 

PhACs include prescription drugs, over-the-counter medications, drugs 
used in hospitals, and veterinary drugs. After intake, drugs are generally 
absorbed and subjected to further metabolic reactions, including hydroly- 
sis, alkylation and dealkylation, and oxidation and reduction of fhe parenf 
compound. Anofher major roufe of inferacfion is forming conjugafes such 
as glucuronides and sulfonafes fo enhance excrefion (Cunningham 2004). 
Significanf porfion of PhAC remains unmefabolized and is excrefed ouf of 
fhe body in urine or feces. In addifion, ofher sources of PhACs fhaf enfer fhe 
environmenf are ones fhaf are direcfly discarded. Concenfrafions of PhACs 
in wasfewafer freafmenf influenf were esfimafed fo range from less fhan 
Ing/L fo approximafely 130,000 ng/L, buf fhe majorify were befween 100 
and 1,000 ng/L (AWWARF 2007). 

PCPs include producfs for personal healfh and cosmefic purposes such as 
fragrances, lofions, and cosmefics. Currenfly, fhe mosf commonly defecfed 
compound from PCPs is friclosan, a pofenf wide-specfrum anfibacferial 
and anfifungal agenf. Triclosan is used primarily in soaps, foofhpasfes, and 
defergenfs. 



Current Information on the Removal of 
POPs and CECs in POSTW 

Typical wastewater treatment facilities are designed to meet effluent quality 
parameters such as TSS, BOD, and COD and would involve one to three stages 
of sewage treatment referred as primary, secondary, and tertiary treatment. 
Some POSTW utilize only the primary treatment stage, whereas modern- 
ized types have adopted both the primary and secondary treatment stages 
and more advanced POSTW have incorporated all three stages of sewage 
treatment. POPs and CECs cover a broad range of chemical structures with 
diverse physical properties such as molecular weight, water solubility and 
dissociation constant (pKa), octanol-water partition coefficient (Kow), and 
charge density. A single treatment process cannot be designed to remove all 
POPs and CECs from sewage influent. 

The primary treatment process in a POSTW involves coagulation, floccula- 
tion, and chemical softening in order to separate suspended solids during 
water treatment. Coagulation uses iron or aluminum salts to precipitate 
metal hydroxides. Softening involves the use of lime or soda ash to remove 
calcium (at pH > 9) and magnesium (at pH > 11). Both coagulation and soft- 
ening remove suspended solids and colloidal material; meanwhile organic 
compounds are absorbed into the suspended particles and removed with 
the solid particles. Synthetic polymers with positively charged groups. 
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such as a quaternary amino (- NR 4 )h are now increasingly being used as 
coagulants for water treatment to neutralize the negatively charged par- 
ticulate solids. Once suspended particles are flocculated into larger par- 
ticles, they can usually be removed from fhe liquid by sedimenfafion. The 
removal of POPs and CECs during fhe primary sewage freafmenf process 
for a compound fakes info accounf fhe fwo main sorpfion mechanisms 
(Ternes ef al. 2004): 

• Absorpfion: If is fhe inferacfion of fhe organic groups of fhe POPs 
and CECs wifh fhe cell membrane of fhe microorganisms and lipid 
fracfions of fhe sludge. 

• Adsorpfion: If is fhe physical binding of ions and molecules onfo 
fhe surface of anofher molecule fhrough elecfrosfafic inferacfions 
of posifively charged groups of a compound wifh fhe negafively 
charged surfaces of fhe microorganisms. 

Any chemical fhaf binds fo parficles and compounds wifh high lipid 
solubilify and posifively charged species can be removed by fhe primary 
freafmenf process. In confrasf, compounds fhaf are highly dissolvable in 
wafer or have negafively charged compounds fend nof fo be removed by 
fhis process. Highly hydrophobic confaminanfs are mosf likely fo enfer 
POSTW already bound fo parficulafe maffer and remain undefecfed in 
fhe purely liquid porfion of fhe influenf. A defailed sfudy was conducfed 
on fhe effecfiveness of fhe primary freafmenf process (Snyder ef al. 2007) 
involving fhe invesfigafion of 36 fargefed compounds. The findings indi- 
cafed fhaf less fhan 20% was removed for 34 of fhese fargefed compounds 
by coagulafion wifh alum or ferric chloride. DDT and Benzo(a)pyrene were 
fhe excepfions. The removal rafes were in fhe range of 20%-50% for DDT 
and 50%-80% for Benzo(a)pyrene. Previous sfudies have also indicafed 
fhaf coagulafion and soffening are generally ineffecfive for fhe removal of 
CECs (AWWRE 2007). 

The secondary treatment process was designed fo subsfanfially degrade fhe 
biological confenfs of fhe sewage fhaf originafes from human wasfe, food 
wasfe, soaps, and defergenf. This process relies on fhe mefabolic acfiv- 
ify of a mixed populafion of bacferia fo degrade organic maferial in wafer. 
Microorganisms selecf many organic and nafural compounds for food and 
growfh in fheir mefabolic processes. If could fake place in aerobic, anoxic, 
or anaerobic environmenfs. An anoxic environmenf is a condifion where 
oxidized forms of nifrogen (e.g., nifrafe) serve as elecfron accepfors in fhe 
absence of molecular oxygen, whereas in anaerobic environmenfs neifher 
oxygen nor an oxidized form of nifrogen is presenf. Microorganisms use 
inorganic and organic elecfron accepfors in anaerobic environmenfs. 

CECs are usually presenf in frace quanfifies fhaf are insufficienf in pro- 
viding a primary subsfrafe for fhe growfh of microorganisms. The removal 
and fransformafion of POPs and CECs using biological freafmenf cannof be 
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predicted theoretically; hence, the success of this process requires empirical 
and practical proof. The biodegradafion of some POPs and CECs would gen- 
erafe parfially degraded infermediafes fhaf could be more bioacfive fhan fhe 
parenf compound (Groning ef al. 2007). 

One of fhe difficulfies in reviewing fhe removal efficiencies of POPs and 
CECs from fhe liferafure was fhe large volume of dafa presenfed in some of 
fhe arficles, where no defailed explanafions were provided. This means if is 
enfirely leff fo fhe reader fo digesf and undersfand fhe acfual driving force 
of fhe removal mechanism. Table 8.1 consisfs of dafa exfracfed from a large 
projecf by Snyder ef al. (2007), in fhe "Removal of EDCs and Pharmaceuficals 
in Drinking and Reuse Treafmenf Processes." Using fhe dafa from fhe fil- 
fer wifh biologically acfive anfhracife column (BAP) and from fhe filfer wifh 
biologically acfive carbon column (BAC), fhese aufhors concluded fhaf "if 
is likely fhaf removal shown in fhe pilof-scale BAC for fhe less biodegrad- 
able confaminanfs was largely due fo adsorpfion (by acfivafed carbon [AC]) 
rafher fhan biodegradafion." The dafa from fhe experimenf on "Adsorpfion + 
Biodegradafion, Ambienf, 2 days" sfafed fhaf "fhe removal (of hormones) 
in fhis experimenf was sfricfly due fo adsorpfion (by parficulafe maffer). 
Biosorpfion appeared fo be significanf for some fargef compounds (hor- 
mones)." The aufhors did nof explain fheir observafions on fhe experimenf 
for fhe filfer wifh biologically acfive sand column (BAS). Buf fhey did empha- 
size fhaf fheir experimenf on riverbank filfrafion wifh BAS correlafed wifh 
fhe dafa obfained in biological degradafion bafch fesfs fhaf were conducfed 
and published previously (Snyder ef al. 2004) by fheir feam. Based on fhe 
BAP dafa and fhe ofher dafa as presenfed in Table 8.1, if can be inferred fhaf 
fhese hormones (esfradiol, esfriol, esfrone, and efhinylesfradiol) would nof 
go fhrough any significanf biodegradafion in fhe POSTW. Buf fhey may be 
removed from fhe influenf info sludge due fo biosorpfion fo sand, carbonic. 



TABLE 8.1 



Data on Hormone Removal (Reported as % Removal) 



Target 

Compound 


Adsorption + 
Biodegradation 
Ambient 2 Days 


Filter with 
Biologically 
Active 
Anthracite 
Column (BAF) 


Filter with 
Biologically 
Active Carbon 
Column (BAC) 


Filter with 
Biologically 
Active Sand 
Column (BAS) 


Estradiol 


98% 


1% 


94% 


>99 


Estriol 


81% 


<1% 


92% 


99 


Estrone 


95% 


<1% 


95% 


>99 


Ethinylestradiol 


76% 


1% 


91% 


95 


Progesterone 


Not reported 


52% 


99% 


>99 


Testosterone 


99% 


35% 


96% 


>99 



Source: Extracted from Snyder, S.A. et al., American Waterworks Association Research 
Foundation (AWWARF), 2007, p. 193, 194, and 198. 
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and particulate matter; however, this interpretation may not be correct. 
Snyder et al. (2007) presented much more data from their study, and it is up 
to the readers to digest the information and to draw their own conclusions 
from fhem. 

The fradifional POSTW removes POPs and CECs based on sorpfion and 
biodegradafion. If would be desirable, fherefore, fo make use of removal dafa 
fo show fhe sorpfion and biodegradafion properfies of fargef compounds. 
Snyder ef al. (2007) had selecfed 29 fargef compounds for an exfensive sfudy, 
and fhe resulfs are presenfed in Table 8.2 where fhe sorpfion and biodegra- 
dafion properfies were inferprefed and rafed as low (L), medium (M), and 
high (H). The dafa from ofher liferafure reviews were sfudied before fhe 
biodegradafion properfy for each CEC was assigned, especially when fhe 
biosorpfion level was sfrong and fhe biodegradafion properfies could nof be 
deduced from fhe original dafa. The dafa as presenfed in Table 8.2 were from 
experimenfs wifh relafively clean river wafer and nof from sewage influenf. 
The sfudies have reporfed fhaf fhe overall removal rafes of POPs and CECs 
in full-scale POSTWs clearly show fhaf fheir eliminafion is offen incomplefe 
(Table 8.3). As a consequence, significanf fracfions of POPs and CECs are 
discharged wifh fhe final effluenf eifher info fhe aquafic environmenf or info 
sludge discharge. The deposifion of POPs and CECs on land from sludge 
reapplicafion can be anofher significanf pafhway for releasing fhese sub- 
sfances info fhe environmenf. Sfudies reporf on fhe removal of fhe POPs and 
CECs by comparing influenf and effluenf concenfrafions, buf wifhouf disfin- 
guishing befween fhe fhree major fafes of a subsfance in POSTWs, which are 
as follows: (a) degradafion fo lower-molecular-weighf inacfive fracfions, (b) 
degradafion fo smaller or aggregafion fo higher-molecular-weighf buf acfive 
species, and (c) physical sorpfion fo solids and removed as sludge. 

Compounds wifh eifher properfies of sorpfion or biodegradafion can be 
removed by sewage freafmenf sysfems effecfively; however, compounds 
fhaf lack such properfies, such as carbamazepine and iopromide, will 
persisf in fhe effluenf for a long fime as shown in Tables 8.2 and 8.3. The 
removal efficiencies of diclofenac and ibuprofen are quife similar fo each 
ofher, as reporfed for several POSTWs fhaf are locafed all over fhe world. 
The resulfs indicafed fhaf fhe eliminafion of such compounds seems unre- 
lafed fo fhe designs of each POSTW. The reporfed removal efficiencies of 
hormones, including esfrone, 17-(3-esfradiol, and 17-a-efhinyl-esfradiol, were 
found fo vary greafly befween sfudies, which can be demonsfrafed by fhe 
following differenf behaviors observed: (a) an increase along fhe passage 
of fhe POSTW (Baronfi ef al. 2000, Carballa ef al. 2004), (b) no significanf 
removal (Ternes ef al. 1999a), and (c) efficiencies higher fhan 80% (Ternes 
ef al. 1999b, de Mes ef al. 2005, Nakada ef al. 2006). However, fhe factors 
fhaf may explain fhese deviafions cannof be fully elucidafed, since many of 
fhe cases did nof reporf adequate operafional dafa. Complefe oxidafion of 
17-[3-esfradiol fo esfrone would be expecfed fo occur in less fhan 3 h, whereas 
furfher oxidafion of esfrone should occur af a slower rafe (50% after 24 h). 
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TABLE 8.2 



Review of the Removal of Emerging Chemicals by Sorption and 
Biodegradation Processes 



Target 

Compound 


(A + B) 
2 Days® 


(A + B) 
5 Days*’ 


Adsorption 
5 Days” 


Sorption'* 


BioDegradation” 


Percent Removal 


Rated as H, M, or L 


Acetaminophen 


94 


99 


79 


M 


H 


Androstenedione 


99 


99 


96 


H 


H (Voishvillo 
et al. 2004) 


Atrazine 


58 


55 


54 


L 


L 


Caffeine 


76 


92 


77 


M 


M 


Carbamazepine 


57 


54 


55 


L 


L 


DEBT 


40 


57 


37 


L 


M 


Diazepam 


83 


82 


83 


M 


L 


Diclofenac 


71 


74 


67 


M 


L 


Dilantin 


79 


77 


78 


M 


L 


Erythromycin 


84 


79 


83 


M 


L 


Estradiol 


98 


99 


85 


M 


H 


Estriol 


81 


99 


81 


M 


M 


Estrone 


95 


99 


62 


M 


H 


Ethinylestradiol 


76 


79 


73 


M 


L 


Floxetine 


98 


99 


98 


H 


L (Redshaw et al. 
2008) 


Gemfibrozil 


82 


99 


54 


L 


H 


Hydrocodone 


48 


47 


49 


L 


L 


Ibuprofen 


94 


99 


66 


L 


H 


lopromide 


31 


33 


28 


L 


L 


Meprobamate 


37 


48 


36 


L 


L 


Naproxen 


85 


98 


80 


M 


M 


Oxybenzone 


91 


99 


83 


M 


M 


Pentoxifylline 


92 


99 


91 


H 


M 


Sulfamethoxazole 


80 


77 


81 


M 


L 


TCEP 


54 


53 


54 


L 


L 


Testosterone 


99 


99 


92 


H 


H (Yang et al. 



2010) 



(continued) 
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TABLE 8.2 (continued) 

Review of the Removal of Emerging Chemicals by Sorption and 
Biodegradation Processes 



Target 

Compound 


(A + B) 
2 Days® 


(A + B) 
5 Days'' 


Adsorption 
5 Days® 


Sorption®' 


BioDegradation® 


Percent Removal 


Rated as H, M, or L 


Triclosan 


97 


99 


97 


H 


L (Heidler and 












Halden 2009) 


Trimethoprim 


19 


24 


55 


L 


L 



Source: Interpreted from the original data of Snyder, S.A. et al., American 
Waterworks Association Research Foundation (AWWARF), 2007. 

Note: Some compounds fell out of these data ranges, and their biodegradation 
property (in italics) was assigned based on other references. 

H, high; M, medium; 1, low. 

® (A+B) 2 days = Adsorption + Biodegradation, Ambient, 2 days. (Data taken from 
Table 11.1 in Snyder et al. [2007].) 

(A+B) 5 days = Adsorption + Biodegradation, Ambient, 5 days. (Data taken from 
Table 11.1 in Snyder et al. [2007].) 

' Adsorption = 5 days exposure data with Colorada River water, with pH adjusted 
to 2.0. (Data taken from Table 11.1 in Snyder et al. [2007].) 

Sorption property interpreted as follows: Adsorption <56 set as Low (L); 
Adsorption >90 set as High (H); and in between as Medium (M). 

1= Biodegradation property interpreted as follows: with (A+B) 5 days <80 set as Low 
(L); with [[(A+B) 2 days) -Adsorption] >12 set as High (H); and [[(A+B) 5 
days! - ((A+B) 2 days)] >6 set as Medium (M). 



and 17-a-ethinyl-estradiol would not be appreciably removed even after 
48 h (Ternes et al. 1999a). The results suggested that to accomplish the com- 
plete removal of hormones, a minimum hydraulic retention time (HRT) is 
required. 

As demonstrated in Table 8.3, the PCB congeners that are more highly 
chlorinated adsorb strongly to soil and sediment and generally persist 
for a long time in the environment, but would be removed from the sew- 
age system as sludge. The various congeners in soil and sediment have 
half-lives that extend from months to years. Adsorption of PCBs into the 
sludge generally increases according to the extent of chlorination of the 
congener and the organic carbon contents of sediment. Volatilization and 
biodegradation are two very slow processes, which also happen to be 
the major pathways for PCB removal from water and soil (Faroon et al. 
2003). The removal of antibiotics such as ciprofloxacin and trimethoprim 
in the sewage system demonstrated the importance of sorption property. 
Ciprofloxacin and trimethoprim are antibiotics, and thus, their biodegra- 
dation rates during the sewage treatment process are very low; the for- 
mer has a high removal rate due to its high sorption property and also 
has a high affinity for soil but mainly accumulates in the topsoil (Golet 
et al. 2003). The concentrations of ciprofloxacin in sewage sludge and 
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TABLE 8.3 



Review of the Removal Efficiencies of Emerging Chemicals in POSTWs 



Emerging Chemicals 


Removal 
Efficiency (%) 


Sorption 


Biodegradation 


Reference 


PFOS 

(perfluorooctanesulfonate) 


-0 


Low 


Low 


Kurume 

Laboratory 

(2002) 


PFOA (perfluorooctanoic 
acid) 


-0 


Low 


Low 


Loganathan 
et al. (2007) 


PAFi (polycyclic aromatic 


-30 (low MW) 


Medium 


Low None 


AWWRF 


hydrocarbons) 


-70 (high MW) 


High 




(2005) 
Snyder 
et al. (2007) 


PCB (polychlorinated 
biphenyls) 


-80 (mostly in 
the sludge) 


High 


Low 


Verbrugge 
et al. (1995) 


PBDE (polybrominated 
diphenylether) 


-90 (mostly in 
the sludge) 


High 


Low 


Peng et al. 
(2009) 


DDT (pesticide) 


-40 


Medium 


Low 


Snyder et al. 
(2007) 


DEFT (pesticide) 


-40 


Low 


Medium 


Snyder et al. 
(2007) 


Ciprofloxacin (antibiotics) 


-90 (mostly in 
the sludge) 


High 


Low 


Golet et al. 
(2002) 


Trimethoprim (antibiotics) 


-10 


Low 


Low 


Hernando 
et al. (2006) 



manure-treated soils ranged from mg to kg levels (Golet et al. 2002). The 
sorption of several fluoroquinolone derivafives, including ciprofloxacin, 
fo soils and pure clay minerals has been reporfed, where if was proposed 
fhaf cafion bridging was fhe major mechanism responsible for fhe fluo- 
roquinolone sorpfion (Nowara ef al. 1997). The pharmaceuficals iopro- 
mide (an x-ray confrasf agenf) and frimefhoprim (an anfibacferial drug) 
are frequenfly defecfed in effluenfs of wasfewafer freafmenf works and 
in surface wafers, due fo fheir persisfence and high usage. The removal 
of iopromide and frimefhoprim during normal sewage freafmenf pro- 
cess is minimal due fo fheir low sorpfion and biodegradafion properfies. 
The findings from a laborafory-scale experimenf showed fhaf fhere was 
a significanfly higher removal rafe in nifrifying acfivafed sludge, when 
compared fo convenfional acfivafed sludge fhaf was observed for bofh 
iopromide and frimefhoprim. This suggesfs fhaf fhe nifrifying bacferia 
have an imporfanf role in fhe biodegradafion of iopromide and frime- 
fhoprim in fhe acfivafed sludge wifh a higher solid refenfion fime (SRT). 
Resulfs from fhe laborafory-scale sfudy corroborafed wifh fhe removal 
efficiencies observed in a full-scale municipal sewage freafmenf sysfem. 
This showed fhaf iopromide (ranging from 0.10 fo 0.27 pg/L) and frime- 
fhoprim (ranging from 0.0.08 fo 0.53 pg/L) were removed more effecfively 
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in the nitrifying activated sludge, which has a higher SRT (49 days) than 
the conventional activated sludge (SRT of 6 days). In nifrifying acfivafed 
sludge, fhe percenfage of removal of iopromide reached 61%, whereas 
average removal was negligible in convenfional acfivafed sludge. For fri- 
mefhoprim, removal was limifed fo abouf 1% in fhe convenfional acfivafed 
sludge, whereas in fhe nifrifying acfivafed sludge fhe removal increased 
fo 50% (Baff ef al. 2006). 

In Table 8.4, differenf removal efficiencies can be seen for five anfibiof- 
ics (fefracycline, cephalexin, norfloxacin, eryfhromycin, and frimefhoprim) 
from four differenf sewage freafmenf works (STW) (Wan Chai, Sfonecuffers 
Island, Tai Po and Shafin sewage freafmenf facilify) in Hong Kong (dafa 
exfracfed from Gulkowska ef al. 2008). The exisfing Wan Chai disfricf sewer- 
age sysfem was designed and builf before 1970, which af presenf is mainly 
used as a preliminary screening facilify fhaf screens for suspended maffer 
wifh a diamefer of more fhan 6 mm. No removal efficiency of any anf ibiofics 
would be expecfed, and fhis was confirmed by fhe dafa from Wan Chai STW. 
On fhe ofher hand, Sfonecuffers Island sewage freafmenf facilify is a chemi- 
cally enhanced primary freafmenf facilify in which chemicals, including fer- 
ric iron and polymeric coagulanfs for wafer freafmenf, are used fo freaf fhe 
sewage; however, fhe solid refenfion fime (SRT) was less fhan 2h. As dis- 
played in Table 8.4, fhere was no observable removal efficiency for any of fhe 
anfibiofics. Tefracycline, cephalexin, and norfloxacin were demonsfrafed fo 
have good sorpfion properfy; hence, a reasonable removal efficiency would 
be expecfed in fhose fhree anfibiofics during fhe primary freafmenf process 
(Huang ef al. 2001, Golef ef al. 2002, 2003, Karfhikeyan and Meyer 2006). No 
observable removal efficiency could be defecfed for fefracycline, cephalexin, 
and norfloxacin from Sfonecuffers Island chemically enhanced primary 
freafed effluenf. Therefore, if would be beneficial if furfher invesfigafions 
could be conducfed fo esfablish fhe cause of such oufcomes. Bofh Shafin and 
Tai Po STW are secondary freafmenf facilifies fhaf also include processes 
for primary sedimenfafion of suspended maffer and biological freafmenf of 
sewage. As demonsfrafed in Table 8.4, significanf efficiencies were observed 
in fhe removal of fefracycline, cephalexin, and norfloxacin. The removal of 
fhese may be principally affribufed fo fheir sorpfion properfies, whereas a 
less significanf amounf may be jusfified by biological degradafion. The HRT 
for fhe Tai Po facilify was reporfed as 16 h, buf if was reporfed fo be 21 h in 
fhe case of Shafin facilify. There were beffer removal efficiencies for all fhe 
invesfigafed anfibiofics af fhe laffer facilify, which may be explained by fhe 
HRT being 5h longer fhan fhe former facilify. Apparenfly, HRT is also one 
of fhe major factors in defermining fhe removal efficiencies of anfibiofics. 
The HRT was longer fhan 15 h for secondary freafmenf planfs (Shafin and 
Tai Po), buf fhe solid refenfion fime was only 1-2 h for fhe primary freafmenf 
planf (Sfonecuffers Island STW). The exfremely low concenfrafion found af 
fhe Tai Po facilify, 96ng/mL, for fefracycline in fhe influenf sample may be 
an anomaly, as all ofher STWs' influenf concenfrafions for fefracycline were 
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much higher, ranging from 550 to 1300ng/mL. The high removal efficiency 
(more than 60%) for trimethoprim at the Shatin STW was significantly dif- 
ferent from other studies (Snyder et al. 2007) and, thus, is also worth noting. 



Other Treatment Methods to be Incorporated into POSTWs 

Not much research has been conducted focusing on the removal of POPs and 
CECs from POSTWs. USDI 2009 had reviewed major advanced treatment 
technologies for the removal of POPs and CECs from river waters. The data 
from this review have been extracted and presented for hormones and anti- 
biotics (Tables 8.5, 8.9, and 8.13), and other pharmaceutical (Tables 8.6, 8.10, 
and 8.14), agricultural, and industrial compounds (Tables 8.7, 8.11, and 8.15). 



Activated Carbon Adsorption 

AC is a family of carbonaceous adsorbents, with a highly crystalline form 
and extensively internal pore structure. By using different production tech- 
niques and sources of raw material, markedly different characteristics of AC 
products are available from different suppliers. Surface area, BET-N2, is a 
measurement using nitrogen gas (N 2 ), to obtain the extent of the pore surface 
developed within the matrix of the AC. Surface area of AC is a primary indi- 
cator of the activity level based on the findings that the greater the surface 
area, the higher the number of available adsorptive sites. Using 1 g of AC 
can have a surface area in excess of 500 m^ due to its high degree of micropo- 
rosity. Traditionally, AC is grounded into fine granules of less than 1.0 mm 
in size. Granular activated carbon (GAC) is defined as AG being retained 
on a 50-mesh sieve (0.297 mm), and the American Society for Testing and 
Materials (ASTM) classifies powdered activated carbon (PAG) as smaller 
than an 80-mesh sieve (0.177 mm). GAG are sold in different size of granules. 
A 20 X 40 GAG carbon is made of particles that will (more than 85%) pass 
through a U.S. Standard Mesh Size No. 20 sieve (0.84 mm) but will be (more 
than 95%) retained on a U.S. Standard Mesh Size No. 40 sieve (0.42 mm). 

AG removes normal organic matter and organic compounds from water 
through hydrophobic interactions. AG total surface area and pore structure 
has a large influence on adsorption capacity and kinetics. The AG adsorption 
process works in three stages. Pirst, the compound adheres to the surface 
of the AG, the moves into the large pores, and is finally adsorbed onto the 
smaller pores and inner surface of the AG. When the carbon hits its break- 
point, it is referred to as "spent" and is needed to be replaced or removed 
and sent off to be reactivated. PAG is too small for reactivation, and GAG is 
typically the only form of AG to be sent for the treatment (reactivation). The 
reactivated carbon is then sent back for reuse. 




TABLE 8.5 

Removal Efficiency by Differenf AC Treatments in Bench-Scale Tests (Hormones and Antibiotics) 
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Ohio River water and WMr-carbon. 
Passaic River water and WMP-carbon. 
Suwannee River water and AC800-carbon. 
Suwannee River water and WMP-carbon. 




TABLE 8.6 

Removal Efficiency by Different AC Treatments in Bench-Scale Tests (Other Pharmaceutical Compounds) 

Percentage Removal (%) 

Powder Powder Powder Powder Powder Powder Powdered Powder 
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TABLE 8.7 

Removal Efficiency by Different AC Treatments in Bench-Scale Tests (Agricultural and Industrial 
Chemicals) 
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Ohio River water and WMP-carbon. 
Passaic River water and WMP-carbon. 
Suwannee River water and ACSOO-carbon. 
Suwannee River water and WMP-carbon. 
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AC usually binds strongly with most organic matters, but it does not bind 
well to certain chemicals, including alcohols, glycols, strong acids and bases, 
and metal and most inorganics, with the exception of iodine. In fact, the iodine 
number is expressed in mg/g, whereby the ASTM D28 Standard Method 
test is used as an indication for fhe fofal surface area. AC is mosf effecfive 
in removing organic confaminanfs from wafer. AC filfrafion has fhe abil- 
ify fo remove chlorine and frihalomefhanes, pesficides, halogenafed hydro- 
carbons, PCBs, and PAHs. AC filfrafion does nof remove bacferia, sodium, 
nifrafes, fluoride, and Ca and Mg hydroxides and carbonafes. Generally, 
fhe leasf wafer-soluble organic molecules are sfrongly adsorbed. AC freaf- 
menf would be less effecfive in removing organic molecules wifh bulky size, 
such as lopromide, due fo fhe difficulfy geffing info smaller pores of AC. 
Lindane, a pesficide wifh a log Kow of 3.72, was reduced from a concenfra- 
fion of 10-0.1 ppb (Kouras ef al. 1998) in a bench-scale sfudy using 20 mg/L of 
PAC wifh a Ih confacf fime. The removal of 17-(3-esfradiol by GAC was 49% 
removal af 50 min and 81% removal af 180 min (Fuerhacker ef al. 2001). 

Pilof and full-scale sfudies have shown fhaf PAG and GAG are effecfive 
for fhe removal of EDGs and PPGPs (AWWARF 2007). The sfudies found 
fhaf NOM compefes for binding sifes and can block fhe pores wifhin fhe AG 
sfrucfure, reducing fhe efficacy of fhe AG freafmenf process in fhe removal 
of POPs and GEGs. As expecfed, fhe removal efficiencies of organic con- 
faminanfs were more effecfive af full-scale freafmenf facilifies fhaf roufinely 
regenerafe or replace AG. The facilifies wifh GAG fhaf had been in operafion 
wifhouf fhe regenerafion or replacemenf of AG performed poorly in removal 
of POPs and GEGs (AW WARE 2007). Generally, compounds wifh log Kow 
of greafer fhan 2 can be effecfively removed using PAG or GAG. Table 8.5 
(hormones and anfibiofics). Table 8.6 (ofher pharmaceuficals), and Table 8.7 
(agriculfural and indusfrial chemicals) summarize fhe eighf experimenfs 
performed using differenf sources of wafer (Golorado, Ohio, and Suwannee 
rivers), differenf brands of AG (WWP and AG800), and differenf loadings of 
AG (5, 1, and 20 mg/L). The possible oufliners wifh unexpecfed resulfs can be 
idenfified from fhis exfensive sfudy. In Table 8.5, fhe removal of 2% esfradiol 
and 6% sulfamefhoxazole were probable oufliners because fhe dafa from each 
one differed significanfly from fhe ofher five poinfs, using 5 mg/L AG load- 
ing. Ofher possible oufliners were fhe 16% removal of Gaffeine, <1% removal 
of Gemfibrozil, <2% removal of Ibuprofen, <1% removal of Meprobamafe, as 
shown in Table 8.6, and fhe <1% removal of DEBT, as shown in Table 8.7, as 
fhey all differed significanfly from fhe ofher five poinfs for each compound, 
using 5 mg/L AG loading. The fofal number of possible oufliners was 7 ouf 
of approximafely 200 dafa poinfs or abouf 3.5%, which was a reasonable and 
respecfable oufcome considering fhe enormify of fhe invesfigafion. By exam- 
ining fhe generafed dafa using 1 and 20 mg/L AG loading, if can be inferred 
fhaf fhe removal rafes of fhe following compounds — Gaffeine, Diclofenac, 
Ibuprofen, Naproxen, and Sulfamefhoxazole — fend fo be very sensifive fo 
AG loading. 




Removal of Persistent Organic Pollutants and Compounds 



163 



The ability of AC to remove POPs and CECs depends on compound/ 
carbon loading ratio, surface area of AC, contact time, and physical prop- 
erties of the target compounds. As part of the Safe Drinking Water Act 
Amendments of 1986, the use of GAC adsorption and filtration was recom- 
mended as the best available technology for the removal of organic con- 
taminants from drinking water. But influent in a POSTW can have highly 
diverse organic contaminants and natural organic matter (NOM). The balk 
content of NOM could compete for binding sites within the AC structure 
and would reduce the efficacy of AC. Pretreatment for NOM or total organic 
carbon (TOC) would be an important factor to improve the efficiency of the 
AC treatment process. It is also important to replace and regenerate the spent 
GAC by reactivation treatment. 

The article "Removal of EDCs and Pharmaceuticals in Drinking and 
Reuse Treatment Processes" by Snyder et al. (2007) contains more than 331 
pages with numerous tables and figures. The U.S. Department of the Interior 
Bureau of Reclamation (October 2009) issued a 108-page report on CECs and 
treatment technologies that are applicable to reducing them. Some of the 
original data in Snyder's article were tabulated in the USDI article. It was dif- 
ficult to establish why there were differences in the performance of GAC and 
PAC with regard to the removal efficiency between the two AC, where some 
of these data have been summarized in Table 8.8. The AC as listed in Table 5.1 
of the USDI article did not specify whether it was PAC or GAC. The original 
data from Snyder et al. (2007) were reviewed carefully and summarized in 
Tables 8.9 (hormones and antibiotics), 8.10 (other pharmaceuticals), and 8.11 
(agricultural and industrial chemicals). 



TABLE 8.8 



Removal Efficiency by Different AC Treatments 



Compounds 


Activated Carbon^ 


Powder Activated 
Carbon*’ 


GAC*’ 


Atrazine 


63 


3 


63 


Caffeine 


59 


16 


59 


Carbamazepine 


72 


16 


72 


Erythromycin 


52 


8 


52 


Estriol 


58 


<1 


58 


lopromide 


31 


72 


31 


Naproxen 


60 


6 


60 


Pentoxifylline 


71 


26 


71 



Source: Data extracted from U.S. Department of the Interior Bureau of 
Reclamation, Secondary /Emerging Constituents Report, 
Southern California Regional Brine-Concentrate Management, 
Study — Phase I, Lower Colorado Region, October 2009. 

® Data from USDI 2009, Table 5-1. 
b Data from USDI 2009, Table B-1. 
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Removal Efficiency by Different AC Treatments (Hormones and Antibiotics, with Heading Corrected) 
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Removal Efficiency by Different AC Treatments (Agricultural and Industrial Chemicals, with 
Heading Corrected) 
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Data from Snyder et al. 2007, Table 5.6. 

Data from Snyder et al. 2007, Table D.8, with 5mg/L FAC, 5h contact time. 
Data from Snyder et al. 2007, Table D.8, with 35mg/L PAC, 5 h contact time. 
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TABLE 8.12 



Removal Efficiency by Different AC Treatments® 



Compounds 


Powder Activated 
Carbon® 


GAC® 


Powder Activated 
Carbon® 


Atrazine 


63 


3 


63 


Caffeine 


59 


16 


59 


Carbamazepine 


72 


16 


72 


Erythromycin 


52 


8 


52 


Estriol 


58 


<1 


58 


lopromide 


31 


72 


31 


Naproxen 


60 


6 


60 


Pentoxifylline 


71 


26 


71 



® Data from Table 8.8 with corrected headings. 



It was concluded that in USDI 2009 (Table 5.1) the heading for "Activated 
Carbon Adsorption" should be "Powder Activated Carbon Absorption" and 
for Table B-1 fhe heading for "PAC" should acfually read "GAC" and "GAC" 
should acfually read "PAG." The dafa as presenfed in Table 8.8 were refabu- 
lafed in Table 8.12. The performance of PAG was generally beffer fhan GAG, 
wifh one excepfion fhaf involved fhe removal of lopromide, which probably 
occurred due fo fhe bulky size of fhe fargef compound and fhe smaller pore 
sizes fhaf exisf in PAG parficles. 



Ozone Treatment 

Ozone is a pale blue gas and typically obtained from an ozone generator. 
The generator uses a high-voltage dielectric discharge gap where oxygen in 
the air is converted into ozone, a higher-energy state with a triatomic form 
(O3). Ozone is a very reactive gas that can oxidize bacteria, moulds, organic 
material, and other pollutants found in water. Oxidation reactions by ozone 
are not selective, and it reacts with a wide variety of organic and inorganic 
materials in water. It is a strong oxidant and disinfectant that does not main- 
tain a residual concentration and decays very rapidly in aqueous solutions, 
unlike free chlorine or chloramines (NHjGl). Ozone through the formation 
of free radicals such as HO* radical reacts directly with many EDG and PPGP 
compounds. The reaction reduces POPs and GEGs at the level of 5 mg/L dose 
for typical water disinfection and is an effective means for removing target 
organic compounds in rivers and streams (AWWARE 2007). Ozone is effec- 
tive in treatment with phenolic compounds (with electron-donating groups) 
such as acetaminophen, oxybenzone, and several estrogens (with phenolic 
group such estradiol, estriol, estrone, and ethinyl-estradiol) can be effectively 
removed using ozone. A number of compounds with electron-donating capa- 
bility, including gemfibrozil, hydrocodone, naproxen, and sulfamethoxazole, 
also were almost completely removed using ozone (Tables 8.13 through 8.15). 




TABLE 8.13 

Removal Efficiency by Different Advanced Treatment Processes (Hormones and Antibiotics) 

Percentage Removal (%)“ 



168 



Environmental Contamination 





Estriol (hormone) OH 58 >95 NA 
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(continued) 




TABLE 8.13 (continued) 

Removal Efficiency by Differenf Advanced Treafmenf Processes (Hormones and Anfibiofics) 
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Data extracted from USDI 2009, Table 5.1. 




TABLE 8.14 

Removal Efficiency by Different Advanced Treatment Processes (Other Pharmaceutical Compounds) 

Percentage Removal (%)’ 

Powder Activated Reverse Biologically 
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(continued) 




TABLE 8.14 (continued) 

Removal Efficiency by Different Advanced Treatment Processes (Other Pharmaceutical Compounds) 

Percentage Removal (%)’ 

Powder Activated Reverse Biologically 
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(continued) 
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TABLE 8.15 

Removal Efficiency by Different Advanced Treatment Processes (Agricultural and Industrial Compounds) 

Percentage Removal (%)“ 
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(continued) 




TABLE 8.15 (continued) 

Removal Efficiency by Different Advanced Treatment Processes (Agricultural and Industrial Compounds) 

Percentage Removal (%)“ 

Powder Activated Reverse Biologically 
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Data extracted from USDI 2009, Table 5.1. 
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From those tables the notable exceptions of oxidation-resistant compounds 
are TCEP, atrazine, iopromide, and meprobamate. Generally, ozone treat- 
ment decomposes POPs and EDCs to smaller molecules and increases the 
opportunity for furfher biodegradafion. TSS, reduced forms of iron and 
manganese, and ofher reducing agenfs decrease fhe effecfiveness of ozone. 
Dafa from fhe liferafure on ozone freafmenf wifh regard fo fhe removal of 
POPs and CECs are summarized in Tables 8.13 fhrough 8.15. 



Reverse Osmosis 

Reverse osmosis (RO) is a filfrafion mefhod wherein a selecfive membrane 
is used and pressure is applied fo fhe solufion from one side, forcing fhe 
removal of many fypes of large molecules and ions from solufions. Pure 
solvenf (such as wafer) is allowed fo pass fhrough fhe membrane info fhe 
ofher side, and fhe large molecules and ions are refained on fhe pressurized 
side of fhe membrane. The membrane is creafed fo be "selecfive," prevenfing 
large molecules and ions from passing fhrough fhe pores buf allowing fhe 
smaller molecules in fhe solufion (such as wafer) fo pass fhrough fhe mem- 
brane freely. RO is mosf commonly known for ifs use wifh removing sails 
and minerals as parf of fhe drinking wafer purificafion process using seawa- 
fer. in normal osmosis, fhe wafer (solvenf) molecules pass fhrough a selecfive 
permeable membrane info a region of higher sail (solufe) concenfrafion. This 
is a normal physical process in which any solvenf moves wifhouf fhe inpuf 
of energy or pressure, in reverse osmosis, fhe inpuf of energy or pressure is 
fo reverse fhe normal osmosis process. RO involves a diffusive mechanism 
where fhe separafion efficiency is dependenf on pressure, solufe concenfra- 
fion, and rafe of wafer flux (Crittenden ef al. 2005). RO is one of fhe mosf 
effecfive process fechnologies (buf nof efficienf) fhaf is able fo remove soluble 
inorganic and organic compounds from wafer, including POPs and CECs. 
There are very few compounds fhaf are nof fully removed by RO. However, if 
is an incredibly inefficienf process; fypically 3 gal of wafer is wasfed for every 
gallon of purified wafer if produces. Alfhough RO is an inefficienf process, 
for areas wifh limifed resource of surface wafer or groundwafer, if is fhe mosf 
preferred and commonly used mefhod for desalinafion. The dafa from fhe 
liferafure on RO freafmenf in fhe removal of POPs and CECs are summa- 
rized in Tables 8.13 fhrough 8.15. 



Biological Aerated Filters with Active Carbon 
Coupled with Ozone Treatment (BAC) 

Biological aerated filters (BAE) are submerged filters with attached biological 
growth with biofilm layer where biodegradation can take place. In an aer- 
ated BAE system, an air header is provided to ensure that oxygen is going 
throughout the entire media bed layer. It was reported that the inner part of 
the BAE is usually oxygen deficient and allows for nitrate formed through 
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nitrification to be converted into nitrogen gas (Tchobanoglous et al. 2003). 
GAC is used in conjunction with ozone in such an advanced water treatment 
process known as the BAG. The basis of this treatment system involves the 
use of ozone as an oxidizing agent, which causes the breakdown of POPs and 
EDGs into smaller compounds. The formed molecules are degraded biologi- 
cally on bacterial biomass that develops on the surface of the AG, whereas 
the adsorption of POPs and EDGs as well as the removal of biodegradation 
residues could be achieved through AG conventional adsorption processes. 
The removal rate using BAG is a combination of the capability of ozone oxida- 
tive degradation, biological degradation, and the adsorptive properties of AG 
(AWWARE 2007). The data from the literature investigating BAG treatment in 
the removal of POPs and GEGs are summarized in Tables 8.13 through 8.15. 



Conclusion 

Wastewater treatment facilities are designed to meet effluent quality param- 
eters such as TSS, BOD, and GOD. Most conventional POSTW facilities pri- 
marily use adsorptive, precipitative, oxidative, and biological processes, 
to remove mostly natural organic materials. POPs and GEGs are a diverse 
group of compounds that include PhAGs, PGPs, hormones, pesticides, and 
industrial and household chemicals. There are growing concerns about 
these compounds because of the detrimental effects associated with their 
use, and some of them may have an adverse impact on the development 
and reproduction of fish and amphibians. Other evidences show that mam- 
mals could be sensitive to extremely low concentrations of POPS and GEGs 
(AWWARE 2007). POPS and GEGs have evolved into popular concerns 
because of heightened public perception and increasing attention from the 
scientific and environmental communities. However, it is difficult to estab- 
lish firm evidence for the association between adverse human health effects 
and low-dose exposure to POPs and GEGs. 

The most cost-effective option for moderate POPs and GEGs removal treat- 
ment technologies is GAG for waste- and ground-water treatment. Ozonation 
is another cost-effective option in achieving efficient removal of POPs and 
GEGs. Sparingly soluble salts such as silica limit the reverse osmosis recov- 
ery to around 35%, which is necessary to pretreatment in softening process 
to increase water recovery. Despite the high cost, precipitative softening 
reverse osmosis (PSRO) is the only technology that removes not only POPS 
and GEGs but also TDS. 

POPs and GEGs are a collective group of diverse compounds whose physical 
and chemical characteristics vary broadly even within the same subcategory. 
About 87,000 emerging compounds have been identified as possible EDGs 
(U.S. EPA 2008). At present, no single technology is available to treat all POPs 
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and CECs effectively because of their diversity; hence, multiple-barrier treat- 
ments may be the most effective approach to take. 

The objective of sewage treatment is to produce an environmentally safe 
stream (effluent) and a solid waste (sludge) suitable for disposal or reuse (such 
as fertilizer). It is now possible, using advanced technologies, to reuse sew- 
age effluent for drinking water. Singapore is the only country to implement 
such technologies on a large manufacturing scale, in its creation of NEWater 
(2011). In 1972, Singapore's first water master plan was drawn up, and 2 years 
later, in 1974, PUB built a pilot plant to turn wastewater into potable water, 
which is the precursor of today's NEWater factories. But the plan was ahead 
of its time as the costs were astronomical and the membranes selected were 
unreliable. Thus, the plan was shelved and had to wait for further scientific 
advancements. By 1998, the necessary technologies had been developed that 
brought the drinking-water costs down; thus, given these developments, in 
May 2000, the first NEWater plant was completed. There are currently five 
NEWater plants in Singapore, with the fifth and the largest one located at 
Changi, opened in May 2010, having the capacity of 50 million gallons per 
day (mgd). After the expansion of the existing plants, NEWater is estimated 
to provide 30% of Singapore's total water demand. The water regeneration 
achievements in Singapore demonstrate the future alternative sewage treat- 
ment possibilities that other countries can potentially adopt. 
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Introduction 

Electronic waste or e-waste refers to end-of-use electronic products, includ- 
ing computers, printers, television sets, refrigerators, mobile phones, and 
toys; these common consumer products contain a variety of potential envi- 
ronment contaminants such as heavy metals, polychlorinated biphenyls 
(PCBs), and polybrominated diphenyl ethers (PBDEs). Disposal of e-waste 
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is an increasing global environmental problem. The current global produc- 
tion of e-waste is estimated to be 20-25 million tons per year, and it has 
become the fastest growing waste stream in the world (Robinson 2009). The 
techniques used in recycling of e-wasfe are offen primifive. Guiyu, which 
is locafed in Shanfou Cify, Soufh China, is infamous for ifs involvemenf in 
primifive e-wasfe processing and recycling acfivifies fhaf cause severe dam- 
age fo fhe environmenf and fhe healfh of local residenfs. Several sfudies 
reporfed elevafed levels of toxic heavy mefals in air, road dusf, soil, and sedi- 
menf of Guiyu (Deng ef al. 2006, Wong ef al. 2007b,c, Leung ef al. 2008). In our 
previous invesfigafions, we found fhaf children and neonates from Guiyu 
had elevafed levels of blood lead and ofher mefals (Huo ef al. 2007, Li ef al. 
2008, Zheng ef al. 2008). If was reporfed fhaf dissolved Mn concenfrafions 
were higher in Lianjiang (206-246 pg/L) and Nanyang River (188-217 pg/L) 
wifhin Guiyu fhan in fhe reservoir (2-6 pg/L) oufside of Guiyu (Wong ef al. 
2007a). Elevafed levels of Mn in human hair were found in Taizhou, anofher 
e-wasfe recycling area in Zhejiang province in China (Wang ef al. 2009). 

Mn is an essenfial elemenf. Deficiencies of Mn have been reporfed fo cause 
weighf loss, dermafifis, nausea, slow growfh, skelefal deformifies, sferilify, 
and neonafal deafhs in animal (Wedler 1993). The biological acfions of Mn 
are quite diverse as confirmed by ifs wide-ranging role as an essenfial com- 
ponenf for a variefy of enzymes involved in fhe basic mefabolic regulafion 
of fhe cell. If is required for normal immune funcfion, regulafion of blood 
sugar levels, cellular energy, reproducfion, digesfion, bone growfh, and 
defense mechanisms againsf free radicals (Aschner and Aschner 2005). Low 
levels of Mn can have a profecfive effecf. However, excess Mn is toxic, and 
ifs effecfs can lead fo physiological damage. Exposure fo high oral or ambi- 
enf air concenfrafions of Mn can resulf in elevafions of fissue Mn levels and 
neurological effecfs (Sanfamaria 2008). 

In mosf living environmenfs, people are exposed fo a variefy of chemi- 
cals, including bofh organic and inorganic agenfs. Among possible fargef 
organs of environmenfal chemicals, fhe kidney appears fo be fhe mosf sen- 
sifive one. The release of cyfoplasmic profeins and ofher consfifuenfs info 
fhe urine following injury fo fubular cells has been clinically exploifed fo 
assess fhe sife and severify of renal fubular damage associafed wifh dis- 
ease and toxic exposures (Bernard and Lauwerys 1991, Zhou ef al. 2008). 
One of fhe mosf sensifive measures of renal foxicify is fhe excrefion of 
low-molecular-weighf profeins in fhe urine, such as befa-2-microglobulin 
(P 2 -MG) and refinol-binding profein (RBP). Elevafed levels reflecf dysfunc- 
fion of fhe proximal fubule as RBP is a low-molecular-weighf profein freely 
filtered af fhe glomerulus. The fracfional fubular reabsorpfion of RBP is 
99.97%, and increased excrefion is, fherefore, a sensifive marker of fubular 
dysfuncfion (Smifh ef al. 1994). P 2 ‘MG, idenfified as a low-molecular-weighf 
profein of 11,800 Da, is a lighf chain of HLA class I molecule. If also is filtered 
by glomerulus, and reabsorbed and cafabolized by proximal fubules. Based 
on exfensive clinical and experimenfal sfudies, elevafed levels of fhese fwo 
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biomarkers are generally accepted as valid tests for renal damage induced 
by environment chemicals in humans (Bernard and Hermans 1997). 

Children are considered more vulnerable than adults to biochemically 
toxic agents because they absorb more as a proportion of body mass and 
because of fheir more rapid biological growfh and developmenf (Mielzynska 
ef al. 2006). 

We used urinary P 2 -MG and RBP as markers of fubular effecfs. This sfudy 
assessed fhe possibilify of relafionship befween MnB and sensifive markers 
of fubular dysfuncfion in school-age children. To our knowledge, no previ- 
ous sfudies have invesfigafed fhe impacf of Mn on fhe renal fubular funcfion 
of school-age children from e-wasfe recycle sife. 



Materials and Methods 
Study Areas 

Guiyu is one of fhe largesf e-wasfe recycling sifes in fhe world, wifh a fofal 
area of 52 km^ and a populafion of 150,000. Nearly 60%-80% of families in 
Guiyu are engaged in fhe business of processing e-wasfe. We used Liangying 
fown, where fhe populafion, fraffic densify, lifesfyle, socioeconomic sfafus, 
and geographic locafion were similar fo fhose of Guiyu, as a confrol. In 
Liangying, fhe local residenfs' work is mainly clofhing manufacfuring and 
is nof relafed fo e-wasfe processing. 

Study Population 

A total of 130 school-age children, aged 8-14 years, took part in this study. 
Sixty-one children (33 females and 28 males) with an average age of 9.6 years 
living in Nanyang village of Guiyu were selected as participants, and 69 
children (28 females and 41 males) with an average age of 10.5 years from 
Liangying served as control. 

Ghildren were recruited on a volunteer basis with the consent of their 
parents. No children involved in this study had any occupational expo- 
sure to e-waste. All parents completed a self-administered questionnaire 
form including items concerning children's demographic variables (age, 
gender) and health status (past and present diseases, including chronic dis- 
eases). According to their self-reports, there were no children suffering from 
renal disease or diabetes. The study was approved by the Human Ethics 
Gommittee of Shantou University Medical Gollege. 

Evaluation of Physical Development Indices 

Ghildren's physical growth and development, such as height and weight, 
were measured before blood samples were collected. Weight and height 
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were measured using a weight and height scale (RGZ-120-RT, Mike Balance 
Instrument Factory, Nanjing, China) with maximum weight of 120 kg and 
maximum height of 190 cm. Children were required fo urinafe and fake off 
shoes. All work was carried ouf by f rained sfudy members. 



Collection and Analysis of Samples 

Biologic samples were collecfed by frained nurses from bofh groups affer 
fhey had fasfed for 12 h. Blood samples (2mL) were drawn from a forearm 
vein info heparinized glass fubes (wifh polyefhylene stoppers) and mixed by 
genfle inversion. Freshly voided, firsf-morning urine samples were collecfed 
in 15 mL polyefhylene boffles wifh screw caps. The urine samples were 
cenfrifuged af 1000 rpm for 5 min. Blood and urine samples were sfored af 
-20°C unfil analysis. 

All fhe glassware and plasficware were soaked in 20% (v/v) FINO3 for 
24 h, rinsed wifh ulfrapure wafer, dried and sfored in a closed polypro- 
pylene confainer. Fligh-qualify wafer, obfained using a Milli-Q system 
(Millipore), was used exclusively. Before analysis, fhe frozen blood samples 
were slowly fhawed af ambienf femperafure, homogenized in a vorfex mixer 
and dilufed 1:9 wifh 0.5% (v/v) FINO3. Cloves were used for all biological 
manipulafions. The concenfrafions of Mn in blood samples were defer- 
mined by graphite furnace afomic absorpfion specfromefry wifh Zeeman 
background correcfion (Zeenif-650, Analyfik Jena, Germany). The mefhod 
was validafed before use by sfandard evaluafion. A correlafion coefficienf 
of af leasf 0.99 for fhe calibrafion curve was considered safisfacfory. The 
main paramefers used for blood Mn deferminafion were a wavelengfh of 
279.5 nm; a lamp currenf of 4 mA; a slif widfh of 0.2 nm; drying af 90°C, 
105°C, and 120°C; ashing af 850°C; and afomizafion af 1700°C. The defecfion 
limif was 0.15 pg/L. 

All analyses of renal biomarkers were performed under similar experi- 
menfal condifion in fhe same laboratory. Urinary RBP and P 2 -MG were 
measured wifh ELISA (kif from Sun Biofech Company of Shanghai, China) 
mefhods (Cui ef al. 2005). Creafinine concenfrafions of urine were measured 
using fhe picric acid mefhod (kif from Jiancheng Bioengineering Insfifufe, 
Nanjing, China). All urinary paramefer assays were adjusfed for creafinine 
in urine. Urine samples wifh creafinine level <0.3 or >3.0 g/L were excluded 
from fhe analyses (N = 6). 



Statistical Analysis 

Nonparamefric analyses were used for dafa wifh skew disfribufions, and chi- 
square fesfs were used for categorical dafa. Spearman correlafion analysis 
was conducted fo evaluafe fhe relafionship befween RBP, Pj'MG, and MnB. 
The level of significance was sef af P < 0.05 (fwo failed). All sfafisfical analyses 
were performed using SPSS version 13.0 soffware (SPSS, Chicago, IL). 
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Results and Discussion 
Participant's Characteristics 

In total, 61 children from Guiyu and 69 children of confrol group were 
recruifed in our invesfigafion. The demographic characferisfics of fhe parfici- 
panfs are summarized in Table 9.1. The disfribufions of gender were nof sfafis- 
fically differenf befween fhe school-age children from Guiyu and fhose from 
fhe confrol group (P>0.05). Weighf, heighf, and body mass index of children 
in Guiyu were significanfly lower fhan fhose in fhe confrol group (P<0.01). 



Manganese Levels in Blood 

MnB of children in Guiyu ranged from 10.5 fo 36.6 pg/L, and in fhe confrol- 
group children MnB ranged from 6.7 fo 30.8 pg/L. Median values of MnB are 
shown in Table 9.2. MnB in children from Guiyu were higher fhan fhaf found 
in fhe confrol group {P < 0.01). As expecfed, bofh boys and girls in Guiyu had 
higher MnB compared fo fhose in confrol group {P < 0.01). MnB were nof sig- 
nificanfly differenf befween genders. 



Parameters of Renal Dysfunction 

Numerous studies have characterized the association of urinary pro- 
teins with changes in renal tubular integrity associated with disease or 
nephrotoxic exposure in both adults and children (de Burbure et al. 2003, 
Trachtenberg and Barregard 2007). The most frequently observed health 
effects include tubular proteinuria that results from impaired renal reabsorp- 
tion of low-molecular-weight proteins such as P 2 -MG and RBP. The urinary 
indicators for renal dysfunction are shown in Table 9.2. The median urinary 
RBP of children was 63.0 pg/g creatinine in Guiyu and 48.9 pg/g creatinine in 



TABLE 9.1 

Characteristics of Children 



Group 


N 


Age 

(Years) 


Gender 


Weight 

(kg) 


Height 

(cm) 


BMI 

(kg/m9 


Boys 


Girls 


Guiyu 


61 


9.6±1.4 


45.9% 


54.1% 


25.4 ±5.6 


127.8 ±9.2 


15.4±1.6 


Control 


69 


10.5 ±1.4 


59.4% 


40.6% 


30.5 ±5.6 


135.4 ±8.4 


16.5±2.0 


P 




0.001 


0.123 


0.000 


0.000 


0.003 





Characteristics of the participating children are expressed either as number (N), 
mean value ±SD, or percentage (%). 

P-value is calculated using Chi-square test for categorical data, and Mann-Whitney 
U test for quantitative data with skewed distributions. 

BMl, body mass index. 




188 



Environmental Contamination 



TABLE 9.2 

Median Values of RBP, Pj-MG, and MnB by Group and Gender 





Control Group* 


Guiyu Group 


Boys 


Girls 


Total 


Boys 


Girls 


Total 


N 


41 


28 


69 


28 


33 


61 


RBP pg/g Cre 


47.0 


57.0 


48.9 


52.7 


71.5 


63.0* 


P 2 -MG pg/g Cre 


89.2 


92.6 


92.1 


62.9 


73.8 


70.7 


MnB pg/L 


14.0 


15.7 


14.9 


20 . 8 '’** 


20 , 9 b** 


20.9** 



Cre, Creatinine. 

Mann-Whitney U test compared with control group; *P < 0.05, **P<0.01. 
® Control group from Liangying and exposed group from Guiyu. 

Boys and girls from the Guiyu group were compared to those in 
control. 



control. There was a significant increase in RBP in Guiyu compared to con- 
trols (P < 0.05). When P 2 -MG and RBP concentrations in boys and girls from 
Guiyu were separafely compared fo fhose in confrol, and fhe resulfs showed 
no significanf differences. The urinary RBP in girls were significanfly higher 
fhan in boys for fhe full sfudy populafion (P < 0.01). No significanf differ- 
ences in urinary P 2 'MG were observed befween fhe children in Guiyu and 
fhose in fhe confrol group. 



Correlation Analysis of RBP, and MnB 

Spearman correlafion fesfs were performed fo invesfigafe fhe relafionship 
befween RBP, P 2 -MG, and MnB in fhe sfudy groups (Table 9.3). The correla- 
fion befween P 2 -MG and RBP was 0.803 (P < 0.001) (nof shown in Table 9.3). 
When fhe fesf was performed for boys and girls separafely, if was found fhaf 
fhere was a closer correlafion befween MnB and P 2 -MG in boys (r = -0.310, 
P < 0.01), whereas no significanf relafionships were found in girls. When fhe 
fesf was performed for MnB in Guiyu and confrol group separafely, signifi- 
canf negafive correlafion wifh RBP and P 2 -MG (P < 0.05) were found in Guiyu 
group. The correlafion befween P 2 -MG and MnB was -0.231 for fhe full sfudy 
populafion (P < 0.01). 



TABLE 9.3 

Correlation between RBP, Pj'MG, and MnB 



Group 


Gender 




Control 


Guiyu 


Boys 


Girls 


Total 


RBP -0.167 

B 2 -MG -0.095 


-0.285* 

-0.261* 


-0.185 

-0.310** 


-0.096 

-0.194 


-0.114 

-0.231** 



Sperman correlation *P<0.05, **P < 0.01. 
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An unexpected finding in this study in children was an overall inverse 
relationship between Pj-MG and RBP and observed Mn levels, similar to 
effects described in some experimental animal models. To our knowledge, 
there are no reports showing evidence of tubular effects at such levels of 
Mn. Manganese porphyrin can reduce renal injury and mitochondrial 
damage during ischemia/reperfusion in rats (Saba et al. 2007). Such an 
association between MnB and urinary P 2 -MG and RBP may be biologi- 
cally plausible. Environmental exposure is a complex mixture of hazard- 
ous compounds with different mechanisms of toxicity. Oxidative stress has 
been suggested to be an important molecular mechanism of toxic effects of 
environmental pollutants such as lead and cadmium in the kidney (Jurczuk 
et al. 2006, Gonterato et al. 2007). Mn is a constituent of mitochondrial man- 
ganese superoxide dismutase (Mn-SOD), which plays an important role in 
protection against oxidative stress (Luk et al. 2005). It was reported that 
Mn-SOD attenuates Gisplatin-induced renal injury (Davis et al. 2001). The 
in vitro antioxidant action of Mn in differently mediated lipid peroxidation 
conditions and its ability to scavenge superoxide anions and oxygen-free 
radicals have been described (Goassin 1992, Hussain and Ali 1999, Anand 
and Kanwar 2001). Low dose of Mn may have an antioxidant effect in kid- 
neys of gentamicin-administrated rats, but its high doses had no beneficial 
effect (Atessahin et al. 2003). It seems that currently observed Mn levels 
in themselves have no significantly harmful effect on renal tubular func- 
tion in children. Whether the higher levels of Mn in children may result in 
adverse effects on other parameters of renal tubule function needs further 
investigation. 

There are several limitations to this study. This was a cross-sectional study, 
which limits interpretation of the results for a causal relationship and the time 
course of exposures and effects. However, this is the first study concerning 
renal tubular effects and MnB in school-age children in an e-waste-polluted 
area. The present study demonstrates that MnB are inversely associated with 
P 2 -MG and RBP (sensitive markers of renal tubular damage) of school-age 
children in an e-waste recycling town. RBP in children from Guiyu were 
higher than those of control, similar to MnB. It seems that elevated levels of 
Mn may result in adverse effects on renal tubular function. 



Acknowledgment 

This work was supported by the Scientific Research Foundation for the 
Returned Overseas Ghinese Scholars, State Education Ministry; and 211 
project of Guang Dong Province. The authors would like to thank Dr. Harold 
W. Gook for English language editing. 




190 



Environmental Contamination 



References 

Anand RK and Kanwar U. 2001. Role of some trace metal ions in placental membrane 
lipid peroxidation. Biological Trace Element Research 82: 61-75. 

Aschner JL and Aschner M. 2005. Nutritional aspects of manganese homeostasis. 
Molecular Aspects of Medicine 26: 353-362. 

Atessahin A, Karahan 1, Yilmaz S, Ceribasi AO, and Princci 1. 2003. The effect of man- 
ganese chloride on gentamicin-induced nephrotoxicity in rats. Pharmacological 
Research 48: 637-642. 

Bernard A and Hermans C. 1997. Biomonitoring of early effects on the kidney or the 
lung. Science of the Total Environment 199: 205-211. 

Bernard A and Lauwerys RR. 1991. Proteinuria: Changes and mechanisms in toxic 
nephropathies. Critical Reviews in Toxicology 21: 373-405. 

Coassin M, Ursini F, and Bindoli A. 1992. Antioxidant effect of manganese. Archives of 
Biochemistry and Biophysics 299: 330-333. 

Conterato GM, Augusti PR, Somacal S, Einsfeld L, Sobieski R, Torres JR, and Emanuelli 
T. 2007. Effect of lead acetate on cytosolic thioredoxin reductase activity and 
oxidative stress parameters in rat kidneys. Basic & Clinical Pharmacology & 
Toxicology 101: 96-100. 

Cui Y, Zhu YG, Zhai R, Huang Y, Qiu Y, and Liang J. 2005. Exposure to metal mix- 
tures and human health impacts in a contaminated area in Nanning, China. 
Environment International 31: 784-790. 

Davis CA, Nick HS, and Agarwal A. 2001. Manganese superoxide dismutase attenu- 
ates Cisplatin-induced renal injury: Importance of superoxide. Journal of the 
American Society of Nephrology 12: 2683-2690. 

de Burbure C, Buchet JP, Bernard A, Leroyer A, Nisse C, Haguenoer JM, Bergamaschi E, 
and Mutfi A. 2003. Biomarkers of renal effects in children and adults with low 
environmental exposure to heavy metals. Journal of Toxicology and Environmental 
Health A 66: 783-798. 

Deng WJ, Louie PKK, Liu WK, Bi XH, Fu JM, and Wong MH. 2006. Atmospheric lev- 
els and cytotoxicity of PAHs and heavy metals in TSP and PM2.5 at an electronic 
waste recycling site in southeast China. Atmospheric Environment 40: 6945-6955. 

Huo X, Peng L, Xu X, Zheng L, Qiu B, Qi Z, Zhang B, Han D, and Piao Z. 2007. 
Elevated blood lead levels of children in Guiyu, an electronic waste recycling 
town in China. Environmental Health Perspectives 115: 1113-1117. 

Hussain S and Ali SF. 1999. Manganese scavenges superoxide and hydroxyl radicals: 
An in vitro study in rats. Neuroscience Letters 261: 21-24. 

Jurczuk M, Moniuszko-Jakoniuk J, and Brzoska MM. 2006. Involvement of some 
low-molecular thiols in the peroxidative mechanisms of lead and ethanol 
action on rat liver and kidney. Toxicology 219: 11-21. 

Leung AO, Duzgoren-Aydin NS, Cheung KC, and Wong MH. 2008. Heavy metals con- 
centrations of surface dust from e-waste recycling and its human health impli- 
cations in southeast China. Environmental Science and Technology 42: 2674-2680. 

Li Y, Xu X, Wu K, Chen G, Liu J, Chen S, Gu C, Zhang B, Zheng L, Zheng M, and 
Huo X. 2008. Monitoring of lead load and its effect on neonatal behavioral neu- 
rological assessment scores in Guiyu, an electronic waste recycling town in 
China. Journal of Environmental Monitoring 10: 1233-1238. 




Inverse Relationship between Urinary Biomarkers and MnB 



191 



Luk E, Yang M, Jensen LT, Bourbonnais Y, and Culotta VC. 2005. Manganese activa- 
tion of superoxide dismutase 2 in the mitochondria of Saccharomyces cerevisiae. 
The Journal of Biological Chemistry 280: 22715-22720. 

Mielzynska D, Siwinska E, Kapka L, Szyfter K, Knudsen LE, and Merlo DR 2006. The 
influence of environmental exposure to complex mixtures including PAHs and 
lead on genotoxic effects in children living in Upper Silesia, Poland. Mutagenesis 
21: 295-304. 

Robinson BH. 2009. E-waste: An assessment of global production and environmental 
impacts. Science of the Total Environment 408: 183-191. 

Saba H, Batinic-Haberle I, Munusamy S, Mitchell T, Lichti C, Megyesi J, and 
MacMillan-Crow LA. 2007. Manganese porphyrin reduces renal injury and 
mitochondrial damage during ischemia /reperfusion. Tree Radical Biology and 
Medicine 42: 1571-1578. 

Santamaria AB. 2008. Manganese exposure, essentiality & toxicity. Indian Journal of 
Medical Research 128: 484-500. 

Smith GC, Winterbom MH, Taylor CM, Lawson N, and Guy M. 1994. Assessment 
of refinol-binding protein excretion in normal children. Pediatric Nephrology 8: 
148-150. 

Trachtenberg E, Barregard L. 2007. The effect of age, sex, and race on urinary markers 
of kidney damage in children. American Journal of Kidney Diseases 50: 938-945. 

Wang T, Fu J, Wang Y, Liao C, Tao Y, Jiang G. 2009. Use of scalp hair as indicator 
of human exposure to heavy metals in an electronic waste recycling area. 
Environmental Pollution 157: 2445-2451. 

Wedler EC. 1993. Biological significance of manganese in mammalian sysfems. 
Progress in Medicinal Chemistry 30: 89-133. 

Wong CS, Duzgoren-Aydin NS, Aydin A, and Wong MH. 2007a. Evidence of exces- 
sive releases of metals from primitive e-waste processing in Guiyu, China. 
Environmental Pollution 148: 62-72. 

Wong MH, Wu SC, Deng WJ, Yu XZ, Luo Q, Leung AO, Wong CS, Luksemburg WJ, 
and Wong AS. 2007b. Export of toxic chemicals — A review of the case of uncon- 
trolled electronic-waste recycling. Environmental Pollution 149: 131-140. 

Wong CS, Wu SC, Duzgoren-Aydin NS, Aydin A, and Wong MH. 2007c. Trace 
metal contamination of sediments in an e-waste processing village in China. 
Environmental Pollution 145: 434M42. 

Zheng L, Wu K, Li Y, Qi Z, Han D, Zhang B, Gu C et al. 2008. Blood lead and cadmium 
levels and relevant factors among children from an e-wasfe recycling town in 
China. Environment Research 108: 15-20. 

Zhou Y, Vaidya VS, Brown RP, Zhang J, Rosenzweig BA, Thompson KL, Miller TJ, 
Bonventre JV, and Goering PL. 2008. Comparison of kidney injury molecule-1 
and ofher nephrotoxicity biomarkers in urine and kidney following acute expo- 
sure to gentamicin, mercury, and chromium. Toxicological Sciences 101: 159-170. 




10 



Mitigating Environmental and Health Risks 
Associated with Uncontrolled Recycling 
of Electronic Waste: Are International 
and National Regulations Effective? 



Ming Hung Wong, Anna O.W. Leung, Shengchun Wu, 

Clement K.M. Leung, and Ravi Naidu 

CONTENTS 

General Background 194 

Two Major E-Waste Recycling Sites in China 194 

Primitive Techniques Used in Recycling E- Waste 195 

Major Objectives 195 

Toxic Chemicals Emitted through Uncontrolled Open 

Burning of e-Waste 196 

Toxic Chemicals Are Bioaccumulated and Biomagnified 

in Eood Chains 196 

Body Burdens of Toxic Chemicals in Residenfs of E-Wasfe 

Recycling Sifes 196 

Pofenfial Healfh Risk of Adulfs and Infanfs af fhe E-Wasfe 

Recycling Sifes 198 

Epidemiological Dafa from Taizhou 199 

Significance of fhe bindings 200 

Addressing fhe Problems of E-Wasfe 200 

Laws and Regulafions Concerning E-Wasfe 200 

Infernafional 200 

National 201 

Defining E-Wasfe 202 

Closing fhe Loopholes 203 

Global and National Cooperation 203 

Acknowledgmenfs 204 

References 205 



193 




194 



Environmental Contamination 



General Background 

The generation of end-of-life electrical and electronic equipment (EEE) 
(referred to as waste electrical and electronic equipment, WEEE, or simply 
e-waste), which includes personal computers, mobile phones, and entertain- 
ment electronics, has soared in recent decades, with 6 million generated in 
1998 in Western Europe and 500 million between 1997 and 2007 in the United 
States (SVTC 2008). It has been estimated that the current global e-waste pro- 
duction is between 20 and 25 million tonnes per year (Robinson 2009) and 
forecast to reach 50 million tonnes per year (UNEP 2009). With today's tech- 
nologically advancing societies and the demand for newer, more efficient 
and effective technology, older EEE are becoming obsolete at increasingly 
faster rates in more affluent countries. Eor example, the average lifespan 
of computers in developed countries has decreased from 6 years in 1997 to 
2 years in 2005 (SVTC 2007). This has resulted in the rapid rise of e-waste, 
by at least 3%-5% per annum, and has, in fact, become the fastest growing 
waste stream in the industrialized countries (UNEP 2005). 

On average, WEEE contains about 38% ferrous, 28% nonferrous, 19% plas- 
tic, 4% glass, 1% wood, and 10% other materials (APME 1995), which could 
serve as secondary raw materials. Recycling of e-waste is a prosperous 
business in some developing countries, such as China, India, Pakistan, and 
Africa. Significant amounts of valuable materials, such as gold, platinum, sil- 
ver, copper, steel, aluminum, wires, and cables can be extracted from WEEE. 
More than 80% of the world's hazardous waste come from the United States 
(O'Connell 2002), of which 80% are exported to Asian countries, in particular 
China, due to lower environmental standards and cheaper labor (BAN and 
SVTC 2002). 



Two Major E-Waste Recycling Sites in China 

China has been the predominant recipient of the world's e-waste, with about 
70% of the worldwide e-waste illegally imported from developed countries 
(BAN and SVTC 2002). Guiyu town, located in southeastern Guangdong 
Province, with a population of 150,000 and a land area of 52.4 km^, has been 
the major e-waste dumping site for e-waste exported from North America 
since the 1980s (BAN and SVTC 2002). Taizhou, Zhejiang Province, with 
a population of 400,000 and a land area of 274 km^, is another intensive 
e-waste hotspot. The city handles e-waste generated domestically and is 
the largest center for dismantling obsolete transformers and capacitors 
(which contain polychlorinated biphenyls, PCBs, as dielectric fluid) in 
China since the 1970s (Zhao et al. 2007). Prom the 1990s, different kinds of 
e-waste materials imported from other countries are being processed (The 
World Bank 2005). 
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Primitive Techniques Used in Recycling E-Waste 

Primitive techniques are used to recycle WEEE, which include (1) baking elec- 
tronic boards on top of an open fire (using homemade honeycomb-shaped 
coals, a low-grade fuel offen made by mixing coal wifh local confaminafed 
sedimenf), in order fo separafe fhe componenfs and chips more effecfively 
This is usually carried ouf in houses parfially converfed info small-sized 
workshops, wifh workers equipped wifh only minimal or no healfh profec- 
fion measures, where inhalafion of noxious acid fumes is a severe healfh haz- 
ard; (2) sfripping of gold from chips and ofher componenfs using sfrong acids, 
wifh fhe freafed wasfe haphazardly dumped along river banks, leading fo high 
acidify and dissolved mefals in fhe sedimenf and river wafer; (3) open burn- 
ing of PVC-insulafed cable wires (fo exfracf copper), compufer casings, and all 
maferials fhaf no longer possess any value, resulfing in fhe emission of flame 
refardanfs (such as polybrominafed diphenyl efhers, PBDEs), chlorinafed and 
brominafed dibenzo-p-dioxins and dibenzofurans (PCDD/Ps, PBDD/Ps), and 
polycyclic aromafic hydrocarbons (PAHs). Many of fhese toxic chemicals are 
listed in fhe Stockholm Convenfion on Persisfenf Organic Pollufanfs because 
fhey are toxic, persisfenf, undergo long-range fransporf, and can bioaccumu- 
lafe in fhe body (Secrefariaf of fhe Stockholm Convenfion-Unifed Nafions 
Environmenf Programme 2009). There has been subsfanfial evidence show- 
ing fhaf fhe exporf of foxic chemicals from indusfrialized counfries fo devel- 
oping counfries exerfs harmful effecfs on fhe environmenf and human healfh 
of fhose counfries receiving e-wasfe (Wong ef al. 2007). 

The so-called recycling of e-wasfe in China and in ofher counfries such 
as India, Africa, and Pakisfan is largely unregulafed and conducfed using 
rudimenfary techniques. The illegal fransporf of e-wasfe from developed 
counfries fo developing counfries, fhereby franscending infernafional 
boundaries, has made e-wasfe recycling a global, fwenfy-firsf-cenfury 
problem, which is caused by fhe use of highly inadequafe, rudimenfary 
ninefeenfh-cenfury mefhods af recycling sifes. The majorify of fhe work- 
ers do nof know fhe exfenf of fhe harm fhaf e-wasfe recycling has on fheir 
healfh and fhaf of fhe younger generafion and fhey have no means of 
profecfing fhemselves. The informal recycling of WEEE has deep-roofed 
environmenfal, social, and economic implicafions (Williams ef al. 2008). 

Major Objectives 

This chapter reviews (1) the effects of different toxic chemicals emitted during 
uncontrolled e-waste recycling and their potential health effects, by study- 
ing the relationships between concentrations of different toxic chemicals in 
different ecological compartments, and food, linking with body burden and 
epidemiological data, and (2) the effectiveness of international and national 
regulations in controlling e-waste recycling practices that use primitive tech- 
niques and emit toxic chemicals. 
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Toxic Chemicals Emitted through Uncontrolled Open Burning of e-Waste 

Toxic chemicals, including persistent organic pollutants (POPs) (PCDD/Fs, 
PBDEs, PAHs, PCBs) and heavy metals (Cd, Cr, Cu, Hg, especially Pb) released 
through uncontrolled open burning (incomplete combustion) of e-waste 
(containing plastic chips, wire insulations, PVC materials, and metal scraps), 
have resulted in severe contamination of different environmental media (i.e., 
air, soil, sediment, water) (Wong et al. 2007). Flame retardants are commonly 
added in FEE. Commercial penta-BDE and octa-BDE were included in the 
list of POPs for elimination under the Stockholm Convention on Persistent 
Organic Pollutants in May 2009 (Stockholm Convention 2008). 

Sampling of the air in Guiyu revealed that PM 2 5 was dominated by PBDE 
congeners, BDE-28, 47, 66 , 100, 99, 154, 153, 183, and 191 which accounted for 
84.3% of the total PBDE concentration (22 congeners). The more toxic mono- 
to penta-brominated congeners contributed to 92.8%. The concentrations 
of the PBDE congeners were 100 times higher than other published data 
and were attributed to uncontrolled recycling activities such as the baking 
of printed circuit boards inside recycling workshops and open burning of 
e-waste containing PBDEs (Deng et al. 2007). The combusted residue and 
ash of plastic cables and plastic chips were also found to contain extremely 
high levels of PBDEs, with BDE-209, the main component of the commercial 
flame retardant, deca-BDE, having the highest abundance (up to 81%) 
(Leung et al. 2007). Sediment collected from the rivers in Guiyu had a higher 
level of contamination than other polluted sites reported in the world due to 
dumping of combusted residue and ash (Wang et al. 2009). 



Toxic Chemicals Are Bioaccumulated and Biomagnified in Food Chains 

POPs are generally lipophilic (fat-loving) and can be stored in the lipid of 
biota, and therefore, certain fish species that have high lipid content in their 
tissues have higher concentrations of PBDEs. The concentrations of total 
PBDEs in tilapia {Oreochromis spp.) collected from rivers in Guiyu were 600 
times and 15,000 times higher than those from Ganadian markets (0.18 ng/g 
wet wt) and U.S. markets (0.0085 ng/g wet wt), respectively (Luo et al. 2007). 
It is known that fish bioaccumulate POPs, which subsequently results in 
the accumulation of POPs in the human body when contaminated fish are 
consumed. People can be exposed to POPs via several exposure pathways, 
which include ingestion (consumption of contaminated foods, inadvertent 
dust ingestion), inhalation, and dermal exposure. 



Body Burdens of Toxic Chemicals in Residents of E-Waste Recycling Sites 

The body burdens of POPs can be magnified in different human tissues. The 
concentrations of different POPs in milk, placenta, and hair of local residents 
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TABLE 10.1 



Concentrations of POPs in Human Specimens from the Study Sites 



POPs 


Specimen 


Unit 


Guiyu 


Taizhou 


Lin'an 


XPCDD/Es 


Human 


pg WHO- 


NA 


21.0 ± 13.81a 


9.35 ± 7.39a 




milk 

Placenta 


TEQi^g/g fat 
pg WHO- 


NA 


35.1 ± 15.7a 


11.9 ± 7.05b 




Hair 


TEQi„s/g fat 
pg WHO- 


NA 


33.8 ± 17.7a 


5.59 ± 4.36b 


IlyPBDEs 


Human 


TEQi„s/gdry wt 
ng/g fat 


94.1 ± 86.4a 


70.7 ± 114b 


1.43 ± 0.805c 




milk 

Placenta 


ng/g fat 


NA 


12.9 ± 20.3a 


0.529 ± 0.189b 




Hair 


ng/g dry wt 


NA 


82.9 ± 163a 


2.44 ± 1.54b 


l3,PCBsV 


Human 


ng/g fat 


9.5 ± 15.7c 


363 ± 470a 


116 ± 108b 


SjaPCBs'’ 


milk 

Placenta 


ng/g fat 


NA 


224 ± 97.0a 


44.6 ± 77.0b 




Hair 


ng/g dry wt 


NA 


386 ± 465a 


51.0 ± 37.2b 



Sources: Chan, J.K.Y. et at.. Environ. Sci. TechnoL, 41, 7668, 2007; Chan, J.K.Y., Dietary exposure, 
human body loadings, and health risk assessment of persistent organic pollutants at 
two major electronic waste recycling sites in China, PhD thesis, Hong Kong Baptist 
University, Kowloon Tong, Hong Kong, 2008; Leung, A.O.W. et al.. Environ. Sci. Pollut. 
Res., 17, 1300, 2010; Xing, G.H. et al.. Environ. Int., 35, 76, 2009; Xing, G.H., Human 
exposure and health risk assessment of polychlorinated biphenyls at two major elec- 
tronic waste recycling sites in China, PhD thesis, Hong Kong Baptist University, 
Kowloon Tong, Hong Kong, 2008. 

NA, Not available. 

Means having different letters (across a row) are significantly different at the 5% probability 
level among the three study sites for a given specimen according to the Tukey Test. 

5 : 7 PBDEs = sum of BDE-28, 47, 99, 100, 153, 154, 183. 

“ SjsPCBs (Guiyu) = sum of PCB-18, 37, 44, 49, 52, 70, 74, 77, 81, 87, 99, 101, 105, 114, 118, 119,123, 
126, 128/158, 138, 151, 153, 156, 157, 167, 168, 169, 170, 177, 180, 183, 187, 189, 194, 199. 
b E 23 PCBS (Taizhou, Lin'an) = sum of PCB-28, 52, 77, 81, 99, 101, 105, 114, 118, 123, 126, 128, 138, 
156, 157, 167, 169, 170, 180, 183, 187, 189. 

of Guiyu and Taizhou were significantly higher than those of Lin'an (a city 
245 km away from Taizhou, serving as a control site), and obviously linked 
with the polluted environment (Table 10.1). 

The average concentration of PBDEs in human milk from Guiyu residents 
was found to be higher than Taizhou due to the intensive processing of com- 
puters and plastic cables and wires in Guiyu. These WEEE contain PBDEs — 
flame retardants — that are not chemically bound to the product and, as a 
result, could be released into the environment under high-temperature con- 
ditions. Total PBDE concentrations in umbilical cord blood of neonates in 
Guiyu (median 13.84, range 1.14-504.97 ng/g lipid) have also been found to be 
higher than that of samples from a control site (5.23, range 0.29-363.70 ng/g 
lipid) (Wu et al. 2010). 
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The concentrations of PCBs in the three types of human samples (hair, pla- 
cenfa, and milk) collecfed from Taizhou were all significanfly higher (p < 0.05) 
(7.6, 5.0, and 3.1 fimes, respectively) fhan fhose af fhe confrol sife (Lin'an) (Xing 
2008). When comparing wifh fhe resulfs from fhe fhird WHO-coordinafed 
sfudy, in which all human milk samples were collecfed affer 2000, Taizhou 
fopped fhe lisf wifh regard fo WHO-PCB-TEQ values. On a global basis, fhe 
PCB levels and WHO-PCB-TEQ levels in placenfa and hair samples collecfed 
from bofh Taizhou and Lin'an ranked af fhe high end. However, PCB levels 
in human milk were nof as high as expecfed. The average PCB concenfra- 
fion in human milk was 38 and 12 fimes lower in Guiyu fhan in Taizhou and 
Lin'an, respecfively. The e-wasfe workers af Guiyu have a lower sfandard 
of living fhan fhe workers in fhe ofher two towns, as reflected by a lower 
consumption of fish and meaf (Xing 2008). Purfhermore, fhe environmenfal 
confaminafion affribufed fo PGBs af Guiyu was nof as prevalenf as in fhe 
ofher two cities. Most of fhe donors were nof primiparous mofhers; fherefore, 
a decrease of fhe PGB accumulafion in fhe body may have been a resulf of 
fore lacfafion (Eifzgerald ef al. 1998). Moreover, median PBDE concenfrafions 
in blood serum of e-wasfe workers in Guiyu were found fo be fhree fimes 
higher compared fo fhe inhabifanfs of a fishing disfricf 50 km easf of Guiyu 
(Bi ef al. 2007). Levels of Pb and Gd in fhe blood of Guiyu children were 
higher fhan fhaf of children from a reference sife (Zheng ef al. 2008). 



Potential Health Risk of Adults and Infants at the E-Waste Recycling Sites 

Table 10.2 shows the estimated daily intakes (EDI) of different POPs of adults 
and breast-fed infants at the two e-waste recycling sites (Guiyu and Taizhou) 
compared with the control site (Lin'an). 

Several EDIs of PGDD/Es, PBDEs, and PGBs were found to be higher than 
the reference doses for adults and infants at the 5% probability level. The 
daily intakes of PGDD/Ps by infants via breast-feeding exceeded the WHO 
Tolerable Daily Intake (1-4 pg WHO-TEQ/kg bw/day) by at least 25 and 11 
times in Taizhou and Lin'an, respectively (Ghan ef al. 2007). The recently 
proposed reference dose for BDE-47 by U.S. EPA, based on developmental 
neurotoxicity, is lOOng/kg/day (Gosta and Giordano 2007). Therefore, the 
estimated daily intake of BDE-47 (584ng/kg bw/day) by Guiyu women 
exceeded the reference dose (lOOng/kg/day) by nearly 6 times. The maxi- 
mum EDI value for BDE-47 for breast-fed Taizhou infants was 534 ng/kg bw/ 
day, which also exceeded the reference dose for BDE-47 (Leung ef al. 2010). 

In comparison to published average daily intakes for adults in other coun- 
tries, the EDI values for Taizhou mothers were at the higher end, exceed- 
ing the PAO /WHO tolerable intake limit (70 pg TEQ/kg bw / month) (JEGPA 
2001). The EDIs of PGB levels at Lin'an and Guiyu were comparable to 
those of the United Kingdom (0.22-0.46 ng/person/day) (Juan ef al. 2002), 
Japan (0.166-0.523 ng/person/day) (Koizumi ef al. 2005), and northern Italy 
(0.26 ng/person/day) (Turd ef al. 2006). 
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TABLE 10.2 

Estimated Daily Intakes of POPs for Adults and Infants at the Study Sites 



Estimated Daily Intake 


Population Group 


Guiyu 


Taizhou 


Lin'an 


SPCDD/Es (pg-TEQ/kg 


AdulU 


1.95 ± 1.25a 


0.37 ± 0.36b 


0.03 ± 0.03c 


body wt/day) 


Breast-fed infant 


NA 


103 ± 67.7a 


45.8 ± 36.2b 


EyPBDEs (ng/kg bw/ day) 


Adult** 


931 ± 772a 


44.7±26.3b 


1.94 ± 0.86c 




Breast-fed infant 


461 ± 423a 


346 ± 559a* 


7.01 ± 3.95b 


E 37 PCBS (ng/kg bw/day) 


Adult** 


5.36 ± 4.60b 


92.8 ± 77.5a 


7.31 ± 4.73b 




Breast-fed infant 


46.6 ± 76.9c 


1779 ±2303a 


568 ± 529b 



Sources: Chan, J.K.Y. et al.. Environ. Sci. Technol., 41, 7668, 2007; Chan, J.K.Y., Dietary exposure, 
human body loadings, and health risk assessment of persistent organic pollutants at 
two major electronic waste recycling sites in China, PhD thesis, Hong Kong Baptist 
University, Kowloon Tong, Hong Kong, 2008; Xing, G.H., Human exposure and health 
risk assessment of polychlorinated biphenyls at two major electronic waste recycling 
sites in China, PhD thesis, Hong Kong Baptist University, Kowloon Tong, Hong Kong, 
2008. 

NA, Not available. 

* Exposure from fish consumption. 

** Exposure from nine food groups. 



The EDIs of total TEQ values (502pg/kg bw/day) for Taizhou infants 
exceeded the EAO/WHO tolerable daily intake (70 pg TEQ/kg/month) by 
more than 200 times (JECEA 2001). Taking into account the placental trans- 
fer of PCBs, this estimation of risk for infants in Taizhou could be underes- 
timated. Such an acute exposure is of concern due to the long half-lives of 
the compounds that could impose serious effects on the thyroid hormone 
system and immunological functions in infants and children (Nagayama 
et al. 2007). 



Epidemiological Data from Taizhou 

According to the epidemiological data for adults provided by the Center 
for Disease Control and Prevention in Taizhou, from 2004 to 2006, there 
was an obviously increasing trend in morbidity due to incidences of malig- 
nant tumors and trauma; disorders in digestive, cardiovascular, respiratory, 
endocrine, and urinary systems; gynecological disease; and ophthalmologic 
and otolaryngological disorder (p < 0.05). In addition, the average rate of 
incidence of cardiovascular disease was significantly higher than all other 
disorders (79%, p < 0.001), followed by respiratory (53%) and digestive sys- 
tem (48%) disorders (Leung et al. 2010, Wong et al. 2008). Health checks on 
workers and children in Guiyu revealed the prevalence of digestive, neu- 
rological, and respiratory problems and high incidences of bone disease 
(Qiu et al. 2004). 

Although only a limited number of epidemiological studies on e-waste 
recycling sites exist, it seems reasonable from a public health standpoint that 
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the levels of toxic chemicals released from uncontrolled e-waste recycling 
operations into the environment should be drastically reduced. 

Significance of the Findings 

Research conducted at the two major e-waste recycling sites has adequately 
demonstrated the sources, fates, and effects (both environmental and 
health effects) of toxic chemicals generated by primitive and uncontrolled 
recycling of e-waste. The highly toxic chemicals (such as PCDD/Fs, PBDEs, 
and PCBs) are concentrated in human tissues, due to the high background 
levels of these toxic chemicals in different ecological compartments, for 
example, through inhalation and dermal contact, as well as high oral intake 
due to continuous consumption of contaminated food items. There is also 
a danger that these toxic chemicals are passed on to our next generation, 
through placenta transfer and lactation. The epidemiological data provided 
by the hospital in Taizhou have confirmed the increasing morbidity of 
several major diseases in the area. 

There is an urgent need to reduce the negative impacts of e-waste recycling 
activities on the environment and humans. 



Addressing the Problems of E-Waste 
Laws and Regulations Concerning E-Waste 
International 

Basel Convention 

The movement of hazardous waste across international boundaries is regu- 
lated by the Basel Convention on the Control of Transboundary Movements 
of Hazardous Wastes and Their Disposal, whereby e-waste is included 
under List A of Annex VIII of the Convention. The convention was adopted 
more than 20 years ago, on March 22, 1989, and entered into force on May 
5, 1992. Transboundary movements of hazardous waste are restricted, and 
prior written notification of the exporting country to the competent authori- 
ties of the importing country is a requirement (Secretariat of the Basel 
Convention-United Nations Environment Programme 1992). The spirit of 
the Basel Convention is to protect human health and the environment from 
the dangers posed by hazardous wastes. It outlines a three-step strategy for 
minimizing the generation of wastes, treating wastes as near as possible to 
the location where they are generated, and reducing international move- 
ment of hazardous wastes. Despite this convention, developed countries still 
routinely export their e-waste to developing countries. Notably, the United 
States is the world's largest e-waste producer and has neither ratified the 
original Basel Convention nor its amendment. 
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In November 2008, CBS 60 Minutes exposed the illegal export of e-waste 
from fhe Unifed Sfafes fo Hong Kong and reporfed fhaf environmenfally 
conscienfious cifizens who refurn fheir WEEE fo recycling depofs could be 
cheafed by organizafions whose real infenfion is fo illegally exporf fhe mafe- 
rials fo developing counfries. Somefimes fhe e-wasfe is unwiffingly sold fo 
wholesale buyers who fhen handle fhe e-wasfe illegally. 

European Union Directives 

Two regulafions concerning e-wasfe have been infroduced by fhe European 
Union (EU): (1) The Wasfe Elecfrical and Elecfronic Equipmenf (Amendmenf) 
Regulafions 2007 (WEEE Direcfive 2002/96/EC), which came info force 
on January 1, 2008. This aims fo reduce fhe amounf of WEEE being gener- 
afed; encourage sfakeholders fo reuse, recycle, and recover fhese maferi- 
als; and improve fhe environmenfal performance of relevanf businesses 
fhaf manufacfure, supply, use, recycle, and recover EEE. (2) The Resfricfion 
of fhe Use of Cerfain Hazardous Subsfances in EEE (RoHS) Regulafions 
2006 (Direcfive 2002/95/EC), which prohibifs fhe use of brominafed flame 
refardanfs — polybrominafed diphenyl efhers (PBDEs), namely, penfa-BDE 
and ocfa-BDE, and polybrominafed biphenyls PBBs — lead, mercury, cad- 
mium, and hexavalenf chromium exceeding sef maximum concenfrafion val- 
ues in new EEE producfs fhaf are available in fhe EU markef affer July 1, 2006. 



National 

In recenf years, China has developed several regulafions, laws, and mea- 
sures fo deal wifh e-wasfe. 

The Chinese version of fhe EU WEEE direcfive is called "The Managemenf 
Regulafions on fhe Recycling and Disposal of Wasfe Elecfrical and Elecfronic 
Producfs" (The Cenfral People's Governmenf of fhe Peoples' Republic of 
China 2009). This law was enacfed by fhe Nafional Developmenf and Reform 
Commission (NDRC) and was implemenfed on January 1, 2011. If aims fo 
regulafe recycling and disposal of five fypes of wasfe relafed fo household 
elecfrical appliances: TV sefs, refrigerators, washing machines, air condifion- 
ers, and computers. If requires mandafory recycling of elecfrical and elec- 
fronic appliances discarded by fhe consumer. If sfipulafes fhaf recycling be 
carried ouf by operators licensed by fhe relevanf aufhorify; a special fund 
fo supporf WEEE recycling and disposal be esfablished; environmenfally 
friendly designs fhaf favor "circular use" be creafed; maferials exfracfed be 
nonfoxic, nonhazardous, and recyclable; and informafion fo aid recycling 
and informafion on producf composifion, recycling, and freafmenf be pro- 
vided (Yang 2008). The regulafion sfipulafes relafively clear and specific legal 
liabilifies and penalfies. Eor example, unaufhorized dismanfling will resulf 
in a fine ranging from U.S.$700 fo U.S.$6000. 

The law "Managemenf Measure for fhe Prevenfion of Pollufion from 
Elecfronic Informafion Producfs" is a counferparf fo fhe EU RoHS Direcfive 
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and came into effect on March 1, 2007. It was developed by several gov- 
ernmental bodies and aims to reduce the hazardous and toxic substances 
and materials contained in electronic appliances and to minimize pollu- 
tion caused by the production, recycling, and disposal of fhese producfs 
(Yang 2008). The following imporfanf poinfs are covered: (1) resfricfing six 
hazardous and foxic subsfances (fhe same ones sfipulafed in fhe EU RoHS 
Direcfive); (2) producfs and fheir packaging should be nonfoxic, nonhaz- 
ardous, degradable, and recyclable; (3) informafion on fhe componenfs and 
hazardous subsfances confained in fhe producfs and fheir safe use and recy- 
cling should be specified by fhe producers. The original "Chinese RoHS" 
only covers elecfronic informafion producfs (e.g., compufers, felevisions, 
radios); however, in 2011, a revised RoHS has been proposed, which will 
cover elecfrical producfs such as air condifioners and refrigerators. 

In February 2008, fhe Adminisfrafive Measures on Prevenfion and Confrol 
of E-wasfe Pollufion (SEPA Order No. 40) came info effecf wifh regard fo 
fhe prevenfion and confrol of pollufion arising from fhe generafion, storage, 
disassembly, ufilizing, recycling, and disposal of elecfronic wasfe (Minisfry 
of Environmenfal Profecfion, www.mep.gov.cn). If sfipulafes fhaf an envi- 
ronmenfal impacf assessmenf or an EIA screening process be underfaken for 
newly builf, rebuilf, or expended projecfs for dismanfling, ufilizafion, and 
disposal of e-wasfe. The regulafion specifies fhe responsibilifies of sfake- 
holders; for example, manufacfurers, importers, and refailers of EE prod- 
ucfs should esfablish a fake-back sysfem fo collecf wasfe EE producfs and be 
responsible for freafing and disposal of e-wasfe. 

Alfhough China has several comprehensive regulafions and policies 
governing e-wasfe, how effecfive fhese will be depends on fhe monitor- 
ing and sfricf enforcemenf of fheir implemenfafion. Currenfly, an effecfive 
framework for implemenfafion and sysfemafic moniforing is lacking, and 
fhe Chinese WEEE regulafions sfill confain several loopholes (Chung and 
Zhang 2011). The regulatory developmenf for fhe managemenf of e-wasfe is 
carried ouf by individual deparfmenfs wifhin fheir own mandafes, which 
in furn creates gaps and conflicfs in exisfing legislafions (Yang 2008). Thus, 
fhere needs fo be beffer communicafion, coordinafion, and supporf befween 
fhe deparfmenfs or minisfries. In spite of fhese shorfcomings, fhe fighfening 
up of fhe illegal fransporf of e-wasfe info China by fhe Chinese governmenf 
has resulted in large amounfs of e-wasfe sfored in Hong Kong — fhe doorsfep 
of China. 



Defining E-Waste 

The definifion of e-wasfe needs fo be clearly defined because if is currenfly 
loosely used as a cafch-all ferm for end-of-life FEE, which are disposed, sold, 
or donated by fhe original owners or are desfined for reuse, resale, recycling, 
or disposal. In some counfries, FEE fhaf are desfined for direcf reuse are nof 
considered e-wasfe. Should a compufer fhaf is fo be reused by a secondary 
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user be considered e-waste? The fact that it is to be reused means that it 
has not yet reached its end of life. There should be specific guidelines dic- 
fafing when an ifem should be considered e-wasfe. The quesfion is should 
"end-of-life" be defined from fhe poinf of view of fhe original user or based 
on fhe acfual end-of-life of fhe EEE? 



Closing the Loopholes 

The Basel Convenfion confains a legal loophole in fhaf fhe exporf of whole 
producfs is permitted fo ofher counfries as long as fhey are nof mean! for 
recycling. Therefore, in essence, fhere is no fransboundary movemenf of 
waste, and dishonesf brokers could make use of fhis loophole. A consider- 
able amounf of wasfe is now being exporfed — nof as wasfe, buf as reusable 
equipmenf — some under fhe guise of reusable EEE, buf which cannof be 
repaired wifhouf experf fechnological knowledge, and fhis has emerged as 
a poinf of concern on a global scale. If is difficulf fo frace whefher "reus- 
able" ifems in fransif will acfually be reused overseas. The exporf of reusable 
equipmenf is oufside fhe confrol of fhe Basel Convenfion. 

The U.S. "E-wasfe" Bill (H.R. 2595) infroduced in May 2009 af fhe llfh 
Congress will open fhe gafeway for fhe exporf of toxic wasfe fo confinue 
because alfhough if bans fhe exporf of lisfed "resfricfed elecfronic wasfe" 
fo non-OECD counfries for recycling, fhe bill allows for fhe exporf of used 
elecfronic equipmenf for refurbishmenf and subsequenf reuse (govTrack. 
us 2009). Unscrupulous recyclers could fake advanfage of fhis loophole by 
sending damaged and oufdafed equipmenf for recycling. To close fhis legal 
loophole, only fhe exporf of commodifies (crushed glass, shredded plasfic, 
aggregafed mefal) fhaf could be used as raw materials for ofher producfs 
should be permitted. 

In June 2011, Bill H.R. 2284 was infroduced fo prohibif fhe exporf of cerfain 
e-wasfe from fhe United Sfafes fo developing nafions. If allows for fhe exporf 
of fesfed and fully funcfional and usable elecfronic goods fo promofe reuse, 
if consenf is received from fhe imporfing counfry (GovTrack.us 2011). This 
bill is expecfed fo creafe employmenf in fhe recycling and refurbishmenf 
indusfry in fhe United Sfafes. 



Global and National Cooperation 

A holistic approach consisting of systematic governance and detailed guide- 
lines on a nation-wide basis is needed to successfully address the e-waste 
issue. The illegal import of e-waste must be restricted by eradicating all 
possible regulatory loopholes. E-waste is a global challenge; therefore, 
international cooperation is very much necessary to tackle transbound- 
ary movement of e-waste. As stated in Article 10 of the Basel Convention, 
parties to the convention should cooperate with each other to improve 
and achieve environmentally sound management of hazardous wastes 
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and other wastes (Secretariat of the Basel Convention-United Nations 
Environment Programme 1992). This can be done by sharing technologi- 
cal knowledge and continuously improving and harmonizing technical 
standards and codes of pracfices and fechnologies for safe, efficienf, and 
effecfive managemenf of e-wasfe. Parfies should also cooperafe in monitor- 
ing fhe effecfs of fhe managemenf of hazardous wasfes on human healfh 
and fhe environmenf and develop and employ appropriafe means fo assisf 
developing counfries in building capacify (technical or ofherwise) for han- 
dling e-wasfe. 

A fundamenfal componenf of successful e-wasfe managemenf is full 
supporf from fhe governmenf in ferms of legislafing extended producer 
responsibilify, which requires manufacfurers of EEE fo esfablish a fake- 
back sysfem fhaf incorporafes a circular economy wifh minimum risks fo 
fhe environmenf and human healfh, and subsidizing e-wasfe reuse and 
recycling programmes. Sophisficafed cenfralized recycling cenfers should 
be builf fo process regional WEEE. A nafional recycling levy, such as fhaf 
implemenfed in Japan, could be infroduced, whereby all manufacfurers, 
sellers, and consumers pay a recycling fax fhaf will help finance fhe recy- 
cling of EEE. In many counfries, WEEE regulafions are eifher nonexisfenf 
or fhe inifiafion, draffing, and adopfion of fhese regulafions have been slow 
(Ongondo ef al. 2011). 

Eurfhermore, if is imporfanf fo launch environmenfal educafion and efh- 
ics programs, epidemiological sfudies, environmenfal monitoring and risk 
assessment remediafion of confaminafed sifes, mafhemafical modeling fo 
predicf likely effecfs, and audifing fo check whefher all regulafions are fully 
implemenfed and enforced. If seems necessary fo conducf a cosf-benefif anal- 
ysis fo provide informafion on fhe cosf of hospifalizafion of workers and 
local residenfs due fo adverse healfh impacfs arising from e-wasfe recycling 
and for remediafion of fhe confaminafed environmenf af fhe e-wasfe recy- 
cling sifes. 

The long-ferm healfh consequences of primifive and crude recycling 
processes on fhe workers and fheir children are sfill largely unknown. The 
poor do nof have fhe freedom of choice, especially because fhe "nof in my 
backyard" menfalify of fhe developed counfries have made "recycling" of 
digifal dumps in fhe backyards of fhe poor fheir sole means of survival. 
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Introduction 

There are a number of definitions of electronic wastes (or e-waste), which is 
also known as waste electrical and electronic equipment (WEEE) (EU 2002; 
Puckett and Smith 2002; Electronic Recyclers International 2006; Wong et al. 
2007a). Eor the purpose of this chapter, e-waste will be defined as consist- 
ing of old, end-of-life electronic devices such as televisions, refrigerators, 
washing machines, vacuum cleaners, computers, computer peripherals, and 
mobile phones that original users no longer want because they are obsolete 
or irreparable. 

E-waste is one of the world's rapidly growing problems (LaCoursiere 2005). 
In most countries around the world, including Australia, it is projected that 
the volume of e-waste materials is growing at a rate of 3-5% per annum and 
will be three times that of other individual waste streams in the solid waste 
sector (Schwarzer et al. 2005). The advent of new design and technology at 
regular intervals in the electronic sector is causing the early obsolescence 
of many electronic items used around the world today. Eor example, the 
introduction of digital TVs in Australia and worldwide has posed signifi- 
cant challenge to the management of millions of analogue TVs that are cur- 
rently being disposed in prescribed landfills despite the potential adverse 
impact that such an act can have on the environment. Coupled with this, 
it is now widely recognized that the lifespan of many electronic goods has 
substantially reduced due to advanced electronics, attractive design, and 
compatibility. Eor example, the average lifespan of a new model computer 
has decreased from 4.5 years in 1992 to an estimated 2 years in 2005 and 
is further decreasing (Widmer et al. 2005). A UNEP (Bushehri 2010) report 
estimates that more than 130 million computers, monitors, and televisions 
become obsolete each year and that amount is growing each year in the 
United States. The UNEP report further reveals that around 500 million 
computers will become obsolete in the United States alone between 1997 and 
2007 and that 610 million computers are to be discarded in Japan by the end 
of December 2010. It is estimated that in China 5 million new computers 
and 10 million new televisions are purchased every year since 2003 (Hicks 
et al. 2005) and around 1.11 million tonnes e-waste is generated every year 
coming mainly from electrical and electronic manufacturing and produc- 
tion processes, end-of-life of household appliances, information technology 
products, and import from other countries (Xuefeng et al. 2006). In Canada 
a quantity of 140,000 tonnes of e-waste is expected to be managed. The same 
scenario applies to other developed countries as well. 

E-waste problem in developing countries is in transition and is not so 
severe given the amount of waste generated by these countries and given 
much longer half-life of electronic goods, which is needed because of the 
financial constraints or lower affordability on the part of both the local 
community and the nation as a whole. However, the major e-waste problem 




Decision-Making Support Tools for Managing Electronic Waste 



211 



in these countries arises from the flood of e-wasfes and elecfronic goods 
imporfed from developed counfries; 80% of all e-wasfes are exporfed fo 
fhe developing counfries. Given fhe limifed policies, safeguards, legisla- 
fion, and enforcemenf, imporfed e-wasfes and elecfronic goods have led fo 
serious human and environmenfal problems in fhese counfries. Concern 
arises nof jusf from fhe large volume of e-wasfes imporfed in develop- 
ing counfries buf also from fhe large amounfs of foxic chemical confenfs 
in such e-wasfes received. Numerous researchers have demonsfrafed fhaf 
foxic mefals and polyhalogenafed organics, including polychlorinafed 
biphenyls (PCBs), can be released from e-wasfe during recycling, subjecf- 
ing fhe local residenfs around fhe e-wasfe recycling sife and fhe living 
environmenf fo exfremely harmful levels of foxicify, which is caused by 
deposifs of impurifies info fhe soil or emiffing of ofher airborne polluf- 
anfs info fhe afmosphere during fhe recycling process (Czuczwa and Hifes 
1984; Williams ef al. 2008). A review of published reporf on e-wasfe prob- 
lems in developing counfries reveals fhaf developing counfries and coun- 
fries in fransifion such as China, Cambodia, India, Indonesia, Pakisfan, 
and Thailand, including African counfries such as Nigeria, receive e-wasfe 
from all around fhe world; neverfheless, fhe nafure and scope of prob- 
lems faced on accounf of e-wasfe imporf differ befween fhese counfries. 
For insfance, alfhough African counfries mainly reuse disposed elecfron- 
ics, Asian counfries dismanfle fhem, using mosfly unsafe mefhods (U.S. 
Governmenf Accounfabilify Office 2008). Wifh fhe recenf recognifion 
of social and human healfh problems experienced in some developing 
counfries, if is worfh nofing fhaf China, India, and ofher Asian counfries 
have recenfly amended fheir laws fo address e-wasfe imporfs (Widmer 
ef al. 2005). Moreover, some manufacfurers of elecfronic goods have 
also affempfed fo safely dispose of e-wasfe wifh advanced fechnologies 
(Widmer ef al. 2005; U.S. Governmenf Accounfabilify Office 2008). 

In fhis chapfer, we presenf an overview of e-wasfe problems experienced 
by mosf counfries and possible decision supporf fools fhaf could be used fo 
manage e-wasfes. 



E-Waste Categories 

E-wasfe is classified info 10 differenf cafegories, including large household 
appliances, small household appliances, IT and felecommunicafions equip- 
ment consumer equipment lighfing equipment elecfrical and elecfronic 
fools (wifh fhe excepfion of large-scale sfafionary indusfrial fools), toys, 
leisure and sporfs equipment medical devices (wifh fhe excepfion of all 
implanfed and infecfed producfs), monitoring and confrol insfrumenfs, and 
aufomafic dispensers (EU 2002) (Table 11.1). 
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TABLE 11.1 



E-Waste Categories and Examples of Products according to the EU Directive 
on WEEE 



No. 


Category 


Label 


Products 


1 


Large household 
appliances 


Large HH 


Refrigerators, freezers, washing 
machines, clothes dryers, dish 
washing, etc. 


2 


Small household 
appliances 


Small HH 


Vacuum cleaners, carpet sweepers, irons, 
toasters, fryers, grinders, coffee 
machines, etc. 


3 


IT and telecommunications 
equipment 


ICT 


Personal computers (CPU, mouse, 
screen, and keyboard), notebook 
computers, notepad computers, 
printers, copying equipment, etc. 


4 


Consumer equipment 


CE 


Radio sets, television sets, video cameras, 
video recorders, audio amplifiers, 
musical instruments, etc. 


5 


Lighting equipment 


Lighting 


Luminaries for fluorescent lamps, 
straight fluorescent lamps, compact 
fluorescent lamps, etc. 


6 


Electrical and electronic 
tools (with the exception 
of large-scale stationary 
industrial tools) 


E & E tools 


Drills; saws; sewing machines; 
equipment for turning, milling, sanding, 
grinding, sawing cutting, shearing, 
drilling, etc. 


7 


Toys, leisure, and sports 
equipment 


Toys 


Electric trains or car racing sets, 
hand-held video game consoles, video 
games, etc. 


8 


Medical devices (with the 
exception of all implanted 
and infected products) 


Medical 

equipment 


Radiotherapy equipment, cardiology, 
dialysis, pulmonary ventilators, nuclear 
medicine, etc. 


9 


Monitoring and control 
instruments 


M&C 


Smoke detector, heating regulatory, 
thermostats, measuring, etc. 


10 


Automatic dispensers 


Dispensers 


Automatic dispensers for hot drinks, 
automatic dispensers for hot or cold 
bottles or cans, automatic dispensers for 
money, etc. 


Source: 


EU, Ojf. ]. Eur. Union, L037, 0024, 2002. 





Toxic and Hazardous Substances in E-Waste 

E-waste consists of a large variety of maferials (Zhang and Forssberg 1997), 
some of which confain a variefy of foxic subsfances fhaf can confaminafe 
fhe environmenf and fhreafen human healfh if fhe end-of-life sfage for such 
producfs confaining fhose maferials is nof meficulously managed. E-wasfe 
disposal mefhods, including landfill and incinerafion, pose considerable 
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contamination risks. Landfill leachates can potentially transport toxic 
substances into groundwater, whereas their combustion in an incinerator 
can emit toxic gas into the atmosphere. Moreover, even recycling e-waste 
can distribute hazardous substances into the environment and may affect 
human health. Although there are more than 1000 toxic substances associ- 
ated with e-wastes, the more commonly reported substances include the 
following: 

• Toxic mefals, including barium, beryllium, cadmium, cobalf, copper, 
iron, lead, lifhium, lanfhanum, mercury, manganese, molybdenum, 
nickel, and so on 

• Neurofoxin, carcinogens, and toxic dioxins, including hexavalenf 
chromium and brominafed flame refardanfs, and PVC 



Impacts of E-Waste 

The rapid growth of e-waste and the effectiveness of its management will 
have profound impacts on the environment and human health. 



Environment 

E-waste management by its disposal via landfills, recycling, or incineration 
can cause hazardous risks to the environment. E-waste disposal in landfills 
is seen to be a serious problem given the volume of material disposed and 
the toxicity of many substances released from such wastes. The pollutants 
have the potential to migrate through soils and groundwater within and 
around landfill sites (Kasassi et al. 2008). Organic and putrescible material 
in landfills decomposes and is transported by water to percolate through 
soil as landfill leachate. Where such materials have been incinerated using 
tools that do not capture emissions, significant levels of toxic substances 
have been found in the emissions. Such toxic substances have been shown 
to pose risk to both the environment and the people at the site and also 
locations in and around the site due to the movement of the airborne toxic 
substances. 

Leachate can comprise high concentrations of dissolved and suspended 
organic substances, inorganic compounds, and heavy metals. However, the 
concentration of toxic substances from leachate depends on the waste char- 
acteristics and stages of waste decomposition in a particular landfill (Qasim 
and Chiang 1994). There have been a number of studies that investigated 
the leachability of the components that comprise e-waste. The teachability 
of lead from cathode ray tubes (CRTs) in televisions and computer monitors 
is one of a number of toxic substances that can leach to the wider ecosystem 
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(Musson et al. 2000). Jang and Townsend (2003) investigated 11 Florida 
landfills to determine lead leachability from prinfed circuif boards in com- 
pufers and cafbode ray fubes from compufers and felevisions. Townsend 
ef al. (2004) sfudied leacbabilify of 12 fypes of elecfronic appliances, includ- 
ing CPUs, compufer monifors, lapfops, prinfers, color TV, VCRs, cell pbones, 
keyboards, mice, remofe confrols, smoke defecfors, and flaf-panel displays 
fo examine fbe concenfrafion of lead, iron, copper, and zinc from fbeir 
leacbafe. Li ef al. (2006) examined fbe leacbafe from mofberboards, various 
expansion cards, disk drives, and power supply unifs fo fesf fbe concen- 
frafion of eigbf elemenfs, namely, arsenic, barium, cadmium, chromium, 
lead, mercury, selenium, and silver. Spalvins ef al. (2008) sfudied fbe impacf 
of lead leacbabilify from elecfronic equipmenf, including compufers, key- 
boards, mouse devices, smoke defecfors, monifors, cell phones, and cell 
phone bafferies in fbe simulafed landfills, and Li ef al. (2009) invesfigafed 18 
heavy mefals in fbe leacbafe of personal compufers and cafbode ray fubes 
(CRTs) in fbe simulafed landfills. 

Spalvins ef al. (2008) sfudied fbe lead concenfrafion from e-wasfe in land- 
fill leacbafe. They found lead concenfrafions of 7-66 pg/L in fbe simulafed 
landfill column confaining e-wasfe and furfher found fhaf fbe simulafed 
landfill column wifhouf e-wasfe was <2-54 pg/L. Heavy mefals accumulafe 
in bofh soil and groundwafer around landfill sifes fhrough verfical and hori- 
zonfal migrafion (Rawaf ef al. 2008). Li ef al. (2009) analyzed fhe soil samples 
in simulafed landfill columns and found heavy mefals, including Pb, Cr, Ni, 
and Sn; however, fhey could nof defecf fhese in fhe leacbafe. 

Vasf quanfifies of e-wasfe are now being exporfed around fhe world for 
recycling using processes fhaf emif fhe pollufion info fhe environmenf in 
developing counfries. Guiyu and Taizhou are fhe large e-wasfe recycling 
sifes in China where exfensive pollufion is emiffed due fo e-wasfe recy- 
cling processes. The whole ecosysfem, including soil, sedimenf, wafer, and 
air, is being confaminafed by fhese foxic subsfances. Many researchers are 
now invesfigafing fhe disfribufion and confaminafion of pollufion from fhe 
e-wasfe recycling process in fhe environmenf. Soil samples are collecfed fo 
fesf fhe confaminafion of polybrominafed diphenyl efhers (PBDEs) (Wang 
ef al. 2005; Cai and Jiang 2006; Leung ef al. 2007), polycyclic aromafic hydro- 
carbons (PAHs) (Leung ef al. 2006; Yu ef al. 2006; Shen ef al. 2009; Tang ef al. 
2010), polychlorinafed dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), 
(Leung ef al. 2007; Shen ef al. 2009), and polychlorinafed biphenyls (PCBs), 
(Shen ef al. 2009; Tang ef al. 2010) Cr, Cd, Hg, Ni, Pb, and Zn (Tang ef al. 
2010) eifher in recycling sifes or around fhe areas. Also, wafer samples are 
examined for heavy mefals, including Ag, As, Be, Cd, Cr, Co, Cu, Li, Mo, Ni, 
Pb, Sb, Se, and Zn (Wong ef al. 2007b). Air samples are collecfed fo examine 
confaminafion by heavy mefals such as As, Cd, Cr, Cu, Mn, Ni, Pb, Zn, and 
PAHs (Deng ef al. 2006); PBDEs (Deng ef al. 2007; Chen ef al. 2009); PCDD/ 
Es; and polybrominafed dibenzo-p-dioxins and dibenzofurans (PBDD/Es) 
(Li ef al. 2007). As a resulf, fhe environmenf around recycling sifes in China 
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has been found to be extensively contaminated by heavy metals and chlori- 
nated and brominated compounds from e-waste. 

Human Health 

E-waste disposals impact human health in two main ways. One is the con- 
tamination by toxic substances from e-waste disposal either in landfill or 
release of toxic substances into the environment due to the use of primitive 
recycling processes, which later enter into the food chain and are transferred 
to humans. The other is the direct impact on workers who work at sites 
where such primitive recycling processes take place. The danger of e-waste 
toxicity to human health, both chronic and acute, has become a serious prob- 
lem in society. Qu et al. (2007) studied PBDE exposure of workers in e-waste 
recycling areas and found high levels of PBDE in the serum of the sample 
groups. Zheng et al. (2008) investigated blood lead and cadmium levels in 
children around e-waste recycling regions and found high levels of lead and 
cadmium in their blood. 



Strategies for Managing E-Waste 

The constant improvement in information and communications technolo- 
gies (ICT) has decreased the lifespan of electronic products, leading to an 
increase in the volume of e-waste. Although the e-waste problem was typi- 
cally associated with developed countries in the past, it is no longer restricted 
to developed countries and is now indeed a global problem. In response to 
this global challenge, the international community has come together in a 
collaborative research effort to reduce e-waste impacts. Moreover, research- 
ers have investigated the volume, nature, and potential environmental and 
human health impacts of e-waste (Widmer et al. 2005). Such studies have 
contributed to the development of methodology for assessing informal 
e-waste management systems, for instance, a comprehensive tool developed 
for assessing e-waste impact as shown in Eigure 11.1. This tool assists both 
qualitative and quantitative assessment of the impact of e-wastes. Widmer 
et al. (2005) developed an assessment indicator system to measure and com- 
pare e-waste management systems, which included the investigation and 
management of e-waste problems using three main points: policy and legis- 
lation; economy, society, and culture; and science and technology. 

Policy and Legislation 

There is currently an extensive research into both policy and legislative 
aspects of e-waste in order to mitigate problems at the national level. The 
current state of the national policy and legislative framework is very diverse. 
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FIGURE 11.1 

Overview assessment methodology. (Modified from Widmer, R. et al.. Environ. Impact Assess. 
Rev., 25, 436, 2005.) 



European countries have developed e-waste regulations since the early 
1990s. These regulations are based on the concept of extended producer 
responsibility (EPR), where producers of the product are encouraged to miti- 
gate e-waste issues (Tojo 2001). Japan, with its large and mature ICT industry, 
has ongoing concerns about e-waste issues. Its home appliance recycling law 
was passed in May 1998 and enforced in 2001 to encourage recycling and 
curtail disposal costs (Kawakami 2001). In China, environmental concerns 
are growing appreciably after the huge importation of e-wastes from around 
the world for reprocessing. The Chinese government has drafted a legisla- 
tion and proposed market mechanisms to encourage the recycling and safe 
disposal of e-waste. The objective of the draft is to improve the framework 
of the country's e-waste recycling system. Pilot programs are operating in 
Qingdao and Zhejiang to change the attitudes and practices of Chinese 
toward e-waste (Hicks et al. 2005). Sinha-Khetriwal et al. (2006) studied the 
progress of e-waste legislation within the framework of the Swiss global 
e-waste program in China, India, and South Africa. The authors identified 
five areas of concern: the definition of e-waste, producer responsibilities, 
orphan appliances, setting collection and recycling targets, and monitoring 
authority. These questions provide a broad framework for successful devel- 
opment of legislation. Nnorom and Osibanjo (2008) also investigated the con- 
cept of extended producer responsibility (EPR) in e-waste management and 
regulation with a view to progressing EPR in developing nations. 

Australia has been concerned about the impact of e-waste since the 1990s. 
Environment Australia provided guidelines for the treatment of hazardous 
waste electronic scrap under the act in 1999 (Environment Australia 1999). In 
2005, the State EPAs collaborated to survey the amount of household e-waste 
(IPSOS 2005). In addition, the Environment Protection and Heritage Council 
offered to investigate the willingness of consumers to pay for the recycling 
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of e-waste, particularly televisions and computers (Rolls et al. 2009), and also 
supported regulation for end-of-life treatment of televisions and computers 
(Environment Protection and Heritage Council 2009). A growing number 
of researchers are concerned about e-waste issues in Australia. Herat (2007) 
reviewed sustainable management in e-waste problems. Davis and Herat 
(2008) surveyed the level of understanding and action on e-waste to assist 
with e-waste management efforts by the local government in Queensland, 
Australia. 



Economy, Society, and Culture 

The growth and rapid advances in electronic technology point to more con- 
sumers generating ever-larger volumes of e-waste. Some e-waste is exported 
for reprocessing in developing countries where it creates job opportunities, 
whereas some e-waste is recycled locally. The huge impact of e-waste recy- 
cling on both the economic system and society is that it provides income 
for poor people, but it also increases the costs for consumers and produc- 
ers. Jung and Bartel (1999) investigated economic data in a computer col- 
lection and recycling company for comparison with alternative electronic 
device management systems. Kang and Schoenung (2006) examined many 
techniques for e-waste treatment and considered their costs and returns. 
Nixon and Saphores (2007) studied the willingness to pay for the recycling 
of e-waste in California. They found that the majority of respondents pay 
only 1% of the advanced recycling fee. Gregory and Kirchain (2008) created a 
framework that considered various factors such as the activities of recycling 
process, cash flow elements, and resources for evaluating economic per- 
formance in a recycling system. Liu et al. (2009) investigated the economic 
assessment of recycling systems in order to evaluate the economic feasibility 
of e-waste treatment in municipal China. Darby and Ohara (2005) studied 
consumer behavior and attitudes toward discarding small items of e-waste 
at the household level. Manhart (2007) studied the social impacts of elec- 
tronic devices and e-waste recycling. He found that e-waste recycling has a 
positive impact on the economy, providing jobs for approximately 700,000 
people in China. However, these industries pose a risk to human health and 
the environment. Saphores et al. (2009) surveyed the volumes of e-waste 
stored in basements and attics and found 4.2 items of small e-waste and 2.4 
items of large e-waste per U.S. household. 



Science and Technology 

There have been a number of models developed to support decision making 
to overcome the problems of e-waste. For example, Yu et al. (2000) developed 
a decision-making model for material recycling and disposition of e-waste in 
terms of environmental impact, recycling feasibility, and intensity of resource 
recovery. Nagurney and Toyasaki (2005) created the reverse supply chain 
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management model of e-waste from a variety of components, which included 
the e-waste sources, the recyclers, and the processors and consumers of dif- 
ferent devices. Life cycle assessment (LCA) is one of the tools in e-waste 
management that is used to assess the electronic products such as computers 
(Ahluwalia and Nema 2007; Babbitt et al. 2009; Duan et al. 2009), televisions 
(Dodbiba et al. 2007), mobile phones (Scharnhorst et al. 2005), and laptops (Lu 
et al. 2006). In addition, "multi-criteria," a tool that determines the appropriate 
options in e-waste management, is also used (Lee et al. 2001; Rousis et al. 2008). 

Material flow analysis is a tool to study the route e-waste takes to flow into 
recycling sites or disposal areas. This tool has been used to manage e-wastes. 
Shinkuma and Nguyen Thi Minh (2009) used material flow analysis to inves- 
tigate the flow of e-waste in Asia. They found that most of the e-waste is 
recycled in China. This study led to a recommendation to provide suitable 
recycling services in China to service the Asia region. Steubing et al. (2010) 
investigated e-waste generation using material flow analysis. They found 
that the e-waste generation will increase four to five times during 2010-2019. 

Many technologies are created to recover material in recycling process or 
reduce material use. Mohabuth and Miles (2005) used the vertical vibration 
technique to recover material from e-waste. This technique splits a blend 
of plastic and bronze in water. Cui and Zhang (2008) reviewed metallurgi- 
cal processing to recover valuable material from e-waste. The authors state 
that biotechnology is the best technique for recovering precious metals and 
copper. Jiang et al. (2008) used a roll-type corona-electrostatic separator in a 
recycling process, which is an efficient technique. Moreover, Platcheck et al. 
(2008) investigated the methodology for ecodesign of electronic equipment 
to be environmentally friendly. 



Tools for Decision Making 

E-waste is one of the most complicated solid wastes to deal with, due to a 
range of difficulties encountered in managing electronic components that 
comprise toxic material. However, numerous researchers have used life cycle 
assessment (LCA) and risk assessment (RA) as part of their decision making 
to support e-waste management. 

LCA and RA are both effective tools for evaluating environmental and 
human health issues as well as decision making, as illustrated in Table 11.2. 
For instance, Olsen et al. (2001) compared similarities, differences, and rela- 
tionships between life cycle assessment and risk assessment with reference 
to chemical substances over the entire lifespan of certain products, with a 
view to reducing environmental and health problems. The authors stated 
that neither tools can replace the other but they can benefit each other. Anex 
and Foeth (2002) found there was a shared need for public participation in 
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TABLE 11.2 



Life Cycle Assessment and Risk Assessment 



Authors 


Areas 


Olsen et al. (2001) 


Chemicals 


Anex and Focht (2002) 


Public participation 


Cowell et al. (2002) 


Policy 


Nishioka et al. (2002) 


Insulation 


Sonnemann et al. (2004) 


Industrial processes 


Benetto et al. (2006) 


Mineral waste 


Mouron et al. (2006) 


Agriculture 


Socolof and Geibig (2006) 


Solder product 


Wright et al. (2008) 


Economic 



life cycle assessment and risk assessment. They found that social values 
applied equally to both tools. Benetto et al. (2006) used both life cycle assess- 
ment and risk assessment to support decision making in mineral waste reuse 
scenarios. These tools are more efficient for environmental assessment and 
for finding beneficial ways to reuse mineral wastes in cases where there are 
no regulations or standards. Socolof and Geibig (2006) applied LCA and RA 
tools to human and ecological impacts through life cycle of lead solder prod- 
ucts: Both tools enhanced understanding of issues in the European ban on 
lead solder and the resulting improvement of public health. Wright et al. 
(2008) investigated a screening-level analysis that is assessed with an eco- 
nomic input-output life cycle assessment model and a risk assessment tool. 
They found that these tools are appropriate for conducting screening-level 
analysis and can be used to classify the critical life cycle stage and, in par- 
ticular, emerging chemicals during the recycling of e-waste. 

We believe that by integrating LCA and RA to assist decision making a sys- 
tem could be devised for managing the disposal of e-waste using landfills. LCA 
and RA are combined as conceptual tools and complement one another in the 
assessment of environmental issues (Olsen et al. 2001; Benetto et al. 2006; Mouron 
et al. 2006; Socolof and Geibig 2006) and as decision support mechanisms (Anex 
and Focht 2002; Cowell et al. 2002; Benetto et al. 2006; Shatkin 2008). The focus 
of LCA is in the product and process areas, whereas RA emphasizes the chemi- 
cal area, based on toxicology and ecotoxicology (Flemstrom et al. 2004). 



Life Cycle Assessment 

Life cycle assessment (LCA) is a tool for evaluating the environmental impact 
of products, processes, and services during a product's entire life span and 
is also used for environmental decision making. The technical framework of 
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LCA methodology is divided into four phases, namely, goal and scope defi- 
nition, inventory analysis, impact assessment, and interpretation, as shown 
in Figure 11.2 and summarized later. 

Goal and Scope Definition 

The firsf phase of goal and scope definifion is designed fo defermine fhe aim 
and boundaries for fhe LCA sfudy. 

The sysfem boundaries are fhe poinfs where maferials become wasfe and 
where waste is transformed fo inerf wasfe, leachafe, and gas. The major envi- 
ronmenfal impacf for landfill includes leachate treatment but does not cover 
waste separation, collection, and transportation. 

Inventory Analysis 

The second phase collects the data for a unif process fhaf include gas emis- 
sions, wafer emissions, fhe public expecfafions, wasfe characferisfics and 
composifion, and cosf managemenf. The dafa are run on SimaPro. 

Impact Assessment 

The impact assessment focuses on e-waste impacts in landfill that affect the 
environment and the society. This includes investigating the effects of eco- 
toxicity on the ecosystem. Eco-indicator 99 methodology is used to assess 
environmental impacts. 

Interpretation 

To sum up the LCA phase, the process under investigation is assessing the 
environmental impact. The environmental performance can then be used 



Goal and scope 
definition of e-waste 
in landfill 



t 

Inventory analysis of 
e-waste in landfill 



t 



Impact assessment of 
e-waste in landfill 



Interpretation 



Direct applications: 

• Product development 
and improvement 

• Strategic planning 

• Public policy making 

• Transportation 

• Pollution 

• Other 



FIGURE 11.2 

Life cycle assessment framework in the ISO 14041 LCA standard (ISO 14041 1998). (Modified 
from Baumann, H. and Tillman, A.M., The Hitchhiker's Guide to LCA, Studentlitteratur, Lund, 
Sweden, 2004.) 
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to support decision making about the different impacts of various fypes 
of e-wasfe in landfills. 



Risk Assessment 

Risk assessmenf is an analyfical fool used fo organize, sfrucfure, and com- 
pile scienfific informafion fo aid hazard idenfificafion, predicf pofenfial 
problems, defermine priorifies, and offer remedial acfion. If can also be used 
fo inform decision making (SETAC 1997). 



Framework of Environmental Risk Assessment 

Environmental risk assessment (ERA) evaluates the potential harmful effects 
that occur as a result of pollutant release into the environment and the biota 
affecting both human health and the environment. There are four phases, 
namely, problem formulation, analysis, risk characterization, and risk man- 
agement, as shown in Eigure 11.3. 



Problem Formulation 

Problem formulation is the first phase; its aim is to define the problem and 
the plan for dealing with it. It investigates e-waste issues in landfill that affect 
the ecosystem and the human health (Eigure 11.4). 



Analysis 

This phase consists of the characterization of exposure and the characteriza- 
tion of ecological effects. The analysis uses LandSim, a specialized computer 
model, to evaluate landfill risk (Butt et al. 2008). Leachate is monitored to 
assess the impact of e-waste from the landfill. The elements of concern in 
this investigation are lead, bromine, zinc, antimony, arsenic, chromium, cad- 
mium, and mercury. The risk evaluation also includes geological barriers 
and landfill liners. 



Risk Characterization 

Risk characterization is the third stage of the risk assessment process and 
is used to estimate and describe risks. This phase is divided in two parts: 
risk estimation and risk description. Risk estimation models the exposure 
response analyses and the associated uncertainty. Risk description is used to 
assist the risk managers in understanding what they are dealing with. 
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FIGURE 11.3 

Framework of Environmental Risk Assessment. (Modified from U.S. EPA, Guidelines for Ecological 
Risk Assessment, EPA/630/R-95/002F, Risk assessment forum^ U.S. EPA^ Washington, DC, 1998.) 



Source: e-waste in landfill 

• Type of e-waste 

• Volume of e-waste 

• Degree of degradation 

• Teachability 

• Leachate volumes 

• Intrusive investigations 

• Geophysics 

• Quality of landfill liner 



4 



Pathway: 

• Leachate 

• Groundwater 

• Soil 



4 



Receptor: 

• Ecosystem 

• Human health 



FIGURE 11.4 

Problems of e-waste dispose in landfill. 



Risk Management 

The last stage is the decision-making process for remediation. It offers policy 
inpuf fo fhe problem formulafion, indicafes fhe resulfs of fhe risk analysis, 
and makes a decision as fo fhe opfimum remediafion sfrafegy. 
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Assessment and Interpretation for Integrated 
Life Cycle and Risk Assessment 

LCA and RA have been developed with different aims and on a con- 
ceptually different basis. However, the two tools provide varying 
perspectives of fhe same issue, which can benefif and complemenf each 
ofher. The relafionships befween life cycle assessmenf and risk assessmenf 
are illusfrafed in Figure 11.5. The resulfs of using fhem in fandem can 
provide valuable supporf for decision making and help fo solve e-wasfe 
disposal problems. 



Conclusion 

If is now well recognized fhaf e-wasfe is a major problem nof jusf in devel- 
oped counfries, buf also in developing counfries and counfries in fransifion. 
The exporf of fhese wasfes fo developing counfries have creafed major envi- 
ronmenfal, human healfh, and social hazards fhaf, unless resolved, would 
lead fo major calamify among fhe communify of workers and fheir families 
who handle e-wasfes as a source of income fo supporf fhemselves and fheir 
families. In addifion fo developing effecfive policies for handling e-wasfes, 
fhese is a need for an effecfive decision-making fool fhaf nof only capfures 
fhe disposal of such wasfes fo landfills buf also helps regulators manage fhe 
imporf and disfribufion of e-wasfes in fheir counfries. The decision supporf 
fool presented in fhis chapter should provide direcfions fo regulafors and 
wasfe handlers for fhe managemenf of e-wasfes. 
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FIGURE 11.5 

Relations between LCA and ERA. (From FlemstrSm, K. et at. Relationships between Life Cycle 
Assessment and Risk Assessment — Potentials and Obstacles, Industrial Environmental Informatics 
(IMI), Chalmers University of Technology, Naturvardsverket, Sweden, 82pp., 2004.) 
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Introduction 
Sources and Toxicology 

Arsenic (As) is a naturally occurring metalloid found in organic and inorganic 
compounds which ultimately are of geological origin and so is found in soil 
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and underground water. Arsenic occurs naturally in oxide, hydrous oxide, 
sulfide, phosphate, and other minerals (Garelick et al. 2009). In soil the con- 
centration of As ranges from 0.1 fo 40 mg/kg, wifh a median concenfrafion of 
fofal As being 6.0 mg/kg worldwide (Bowen 1979). Volcanic acfivify fhermal 
springs, or anfhropogenic acfivifies such as mining and indusfrial producfion 
can fransporf or concenfrafe As in fhe environmenf (Nordsfrom 2002). 

Arsenic is carcinogenic (Rosen 1971) and has been ranked fhe number one 
hazardous subsfances since 1997 in fhe U.S. Comprehensive Environmenfal 
Response, Compensafion, and Liabilify Acf (CERCLA) (Agency for Toxic 
Subsfance and Disease 2010). Inorganic arsenic is classified by fhe U.S. 
Environmenfal Profecfion Agency as a class A human carcinogen (ERA 
1998). Addifionally, arsenic compounds are poisonous and classified info 
fhree broad toxicological cafegories: as arsine gas, inorganic compounds 
(solid and solufion phases), and organic As. 

Arsenic has four sfafes of oxidafion (V, III, 0, or -III) which confrols ifs 
bioavailabilify and foxicify fo organisms. However, in fhe environmenf fhe 
inorganic forms of arsenafe (As 04 ~^) (V) and arsenife (As02~^) (III) dominate 
(Cullen and Reimer 1989), wifh arsenife being more foxic (Lerman ef al. 1983, 
Vahidnia ef al. 2007). Arsenafe is foxic because of ifs similarify fo phosphate, 
causing phosphorylafion inhibifion (Moore ef al. 1983, Coddingfon 1986) and 
forming ADP-arsenafe fhaf is unsfable (Crane and Lipmann 1953, Cresser 
1981, Moore ef al. 1983). Arsenife causes foxicify by reacfing wifh difhiols 
such as glufaredoxin and wifh sulfhydryl groups of proteins (Oehme 1972, 
Knowles and Benson 1983). 

Direcf confaminafion of soils wifh As can occur from several human 
acfivifies. In agriculfure arsenical pesficides and herbicides have been major 
sources of As of soils (Smifh ef al. 1998, WHO 2001, Liao ef al. 2005). Currenfly, 
approximafely 50% of arsenic producfion is pesficides, wifh organic forms 
being fhe mosf imporfanf forms (Mafschullaf 2000). Anofher imporfanf and 
extensive As source is pressure-freafed wood. 

Prom fhe 1970s unfil abouf 2004, 90% of fhe wood used in fhe United 
Sfafes for oufdoor applicafions was freafed wifh chromafed-copper arsenafe 
(CCA). Alfhough fhis was banned in 2004 in fhe Unifed Sfafes, some seven 
billion board feef was used widely in fences, home decks, play sfrucfures, 
and ofher uses (Raloff 2004). Arsenic in CCA-freafed wood sfrucfures and 
poles can leach info soils or as CCA wood decomposes As is released fo soils 
(Zagury and Pouschaf 2005). Addifionally, CCA-freafed wood manufacfur- 
ing planfs have caused incidenfal confaminafion of soil wifh As (Zagury 
and Pouschaf 2005). 

Incidenfal soil ingesfion by children is an imporfanf exposure pafhway for 
assessing public healfh risks associated wifh exposure fo As-confaminafed 
soils. The imporfance of soil ingesfion by children as a healfh issue has been 
reported by many researchers and highlighfs fhe imporfance of fhis pafh- 
way in forms of subsequenf chemical exposure (Basfa ef al. 2001, Scheckel 
ef al. 2009, Hale ef al. 2010). 
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Arsenic has become a widespread hazard in India, Bangladesh, Vietnam, 
Chile, and Taiwan. In some cases this is due to pollution but additionally 
vast areas of these countries have been contaminated by As of geological 
origin (Nordsfrom 2002). Epidemiological sfudies in fhese regions indicafed 
fhaf skin, liver, lung, bladder, and ofher cancers are highly relafed fo fhe 
exposure fo As (Abernafhy ef al. 1999). Of furfher concern, parficularly in 
Bangladesh, is fhaf groundwafer confaining high levels of geologic As was 
exfensively used for irrigafion wafer befween fhe 1980s and 2000s (Meharg 
and Rahman 2002). This has elevafed As in rice soils of Bangladesh from 
background levels of 10 fo as much as 46 pg As/g soil and caused elevafed 
levels of As in rice grain (Meharg and Rahman 2002). 

A major concern is for children who ingesf soil confaminafed wifh As. 
This is based on human or animal sfudies fhaf have shown fhaf ingesfed 
inorganic As salfs are absorbed from fhe gasfro-infesfinal fracf and enfer fhe 
blood sfream. The relafive bioavailabilify of dosed sodium arsenafe is 80% 
(Basfa ef al. 2001, Scheckel ef al. 2009). This is a much higher rafe fhan mosf 
ofher nonessenfial elemenfs and, in parf, is likely due fo arsenafe's (AsO/“) 
chemical similarify fo fhe essenfial nufrienf, phosphafe (P 04 ^“), fhaf is read- 
ily absorbed fhrough fhe gasfric infesfinal frack of animals (Caussy and 
Priesf 2008). 



Remediation Strategies 

There are potentially a number of approaches for remediating As-conta- 
minated soils. One strategy would be physical removal of these soils to 
contained landfill sites. Although this may be appropriate for highly con- 
taminated and localized pollution, it would be too expensive for As con- 
tamination over large areas or where the soil would need to be replaced for 
agricultural or landscape vegetation. 

Phyotoremediation is an in situ approach whereby hyperaccumulating As 
plants are grown and As is removed by harvesting plants. Disadvantages 
of this approach include the following: As accumulating plants must be 
locally adapted; requiring plant management and repeated harvests over an 
extended period; and disposal of As plant biomass, all of which limits the 
economic feasibility of this method. 

An alternative As remediation approach is in situ volatilization of As. 
This involves As biotransformation by reduction and methylation of As in 
As-enriched soils. Microorganisms can release volatile derivatives of As 
(mainly arsines, mono-, di- or tri-methylarsine, and As oxides). This approach 
could be done as a stand-alone method or in tandem with phytoremediation 
of As-contaminated soils. 

A concern of this approach is the dispersion of toxic forms of As in the 
atmosphere. However, it first should be noted, as mentioned earlier that As 
volatilization is a natural process. As gases are released from natural and 
anthropogenic sources that includes sewage treatment plants, lake and 
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marine sediments, landfills, volcanic activity, and mining wastes (Hirner 
et al. 1994, Feldmann and Hirner 1995, Craig and Jenkins 2004, Cernansky 
et al. 2009). It has been estimated that 45,000 and 28,000 Mg As are released 
annually from natural and anthropogenic sources, respectively (Chilvers 
and Peterson 1987). It is thought that about 35% of the atmospheric As comes 
from soil volatilization of As (Chilvers and Peterson 1987). 

Second, once volatile methylated As is in the air, it is rapidly oxidized 
and demethylated, and dispersed by the flow of air (Gao and Burau 1997, 
Pongratz 1998, Planer-Friedrich and Merkel 2006). This is important because 
mono- and dimethylated arsines being very genotoxic are rapidly converted 
to less toxic arsenate. And furthermore the levels released on a daily basis 
would be so small as to not change the equilibrium levels of As in the atmo- 
sphere from a given As remediation site. 

Volatilization of As could be done by stimulating the native soil microbial 
community or by inoculating soils with specific microorganisms that accel- 
erate this process (Huysmans and Frankenberger 1991, Thomas and Rhue 
1997, Edvantoro et al. 2004). 

Recent studies and reviews on As biomethylation, especially on biometh- 
ylation in contaminated soils, are limited. In fact, most of what is known 
comes from studies done with soils spiked with As in the lab with very little 
information about biomethylation from soils contaminated with As and then 
aged under field conditions. 

Reported biomethylation rates vary greatly as do their experimental 
conditions. The large discrepancy is likely due to different experimental 
conditions, soil conditions, forms of As in soil, and varying microbial com- 
munities. The objective of this chapter is to review biomethylation rates from 
key biomethylation studies and the effect of experimental, environmental, 
and soil factors that affect the As biomethylation process. 



Arsenic Methylation 
Methylation Reactions and Pathways 

The term biological methylation, typically referred to as biomethylation, 
describes the enzymatic transfer of a previously formed methyl group from 
donor atoms to acceptor atoms within living organisms. This reaction forms 
both volatile and non-volatile compounds of metals and metalloids, and it is 
an enzymatic transmethylation occurring in cells (Thayer 2002, Mohapatra 
et al. 2008). One possible result of introducing methyl groups onto acceptor 
atoms is the enhancement of their volatility and solubility in lipids, which 
usually decreases their solubility in water (Thayer 2002). 
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Arsenic methylation has been observed for a long time. Reports of mys- 
terious poisonings from moldy wallpaper in damp rooms began as early as 
1815 (Thom and Raper 1932). Later in the nineteenth century, people found 
the poisoning was related to As in coloring substances used as Scheele's 
green (cupric arsenite) and Schweinfurth's green (copper acetoarsenite) in 
wallpaper (Challenger et al. 1933, Woolson 1983). 

Casio was the first to link fungal metabolism to the formation of As gas. 
He isolated several fungi strains from an As-containing potato medium that 
produced a garlic-like odor gas which was named "Casio Cas" after him. 
He suggested this gas was dimethylarsine (DMA) (Casio 1893, 1901), while 
Challenger later showed that the "Casio Cas" was actually trimethylarsine 
(TMA) (Challenger et al. 1933, Challenger 1945). 

Challenger established the metabolic pathways for As methylation which 
came to be known as the Challenger's mechanism (Challenger 1945). These 
pathways are a series of reactions where there is a reduction of the pen- 
tavalent form of As that is followed by the oxidative addition of a methyl 
group (Dombrowski et al. 2005, Wang and Mulligan 2006). This results in As 
chemical species that are increasingly methylated as follows: methyl arsenite 
(MMA), dimethyl arsenate, dimethyl arsenite, and trimethyl arsine oxide 
which is shown in Figure 12.1. McBride and Wolfe (1971) went on to show 
that under anaerobic condition, bacteria can also do As methylation as well. 

The biomethylation process requires a methyl-donor or precursor (Cullen 
et al. 1977, Cullen and Reimer 1989, Tamaki and Frankenberger 1992), and 
three major co-enzymes including (1) S-adenosylmethionine (SAM), the 
most important methylating agent, (2) N5-methyltetrahydrofolate deriva- 
tives, and (3) vitamin B12 derivatives (Fatoki 1997, Mohapatra et al. 2008). 



Methylation 



Arsenate 

OH 

I 

HO— As— OH 

II 

O 



Monomethylarsonite 

CH, 



HO— As— OH 



Methylation 



CH, 

Methylation I 

HO— As— OH ► HO— As— OH 

I II 

OH O 



Dimethylarsinate 

CH3 

I 

HO — As— CH3 

II 

O 



Trimethylarsine 

CH3 

I 

CH,— As— CH, 



HO— As— CH, 

I 

CH, 



Methylation 



CH, 

I 

CH3— As— CH3 

II 

O 



Arsenite 



Monomethylarsonate 



Dimethylarsinite 



Trimethylarsine oxide 



FIGURE 12.1 

Revised Challenger Mechanism for arsenic methylation pathway. (Based on Wang, S. and 
Mulligan, C.N., /. Hazard. Mater., 138, 459, 2006.) 
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Whereas bacteria under aerobic conditions reduction steps are mediated by 
glutathione and other thiol-containing compounds, anaerobic bacteria may 
use methylcobalamin as the electron donor (Krautler 1990, Stupperich 1993). 

Biomethylation of As is thought to be a detoxification process as the 
methylated As products are less toxic than the inorganic As species, espe- 
cially those most poisonous forms of arsenious acid (or ifs salfs or esfers) 
(Michalke ef al. 2000, Bissen and Frimmel 2003). This is because inorganic 
As (III) compounds have a high affinify fo sulfhydryl groups in profeins and 
can cause deacfivafion fo enzymes. And inorganic As (V) can compefe wifh 
phosphafe in cell reacfions, uncouple oxidafive phosphorylafion, and fhen 
impede fhe formafion of high-energy adenosine friphosphafe bonds (Bissen 
and Frimmel 2003). 

Woolson (1983) summarized pasf research on As biomefhylafion and 
concluded mefhylafion of As is a widely occurring nafural process, which 
accounfs for significanf As losses from soil. 



Microbial Genetic Controls and Energetics 

Interestingly, bacteria have developed mechanisms to overcome the toxicity 
of arsenite and arsenate. This well may be why they have evolved to perform 
As redox reactions and volatilization. 

Microorganisms can avoid the build up of intracellular arsenicals by either 
inhibiting uptake or actively exporting these ions (Rosenberg et al. 1977, 
Willsky et al. 1980, Moblev and Rosen 1982, Silver and Keacch 1982, Silver 
et al. 1989). The export mechanisms are probably the most important means 
by which microorganisms can resist As toxicity by the reduction of arsenate 
to arsenite which is eliminated from cells by a specific efflux pump (Silver 
1996). Secondarily, they may avoid toxicity by chemical modification of As to 
relatively less toxic forms. 

One reduction mechanism is the conversion of arsenate to arsenite which 
in turn is exported out of the bacterial cells. This reaction is controlled by 
the ars operon gene as a regulatory repressor, (ArsR), an arsenate reductase 
(ArsC), and an arsenite efflux pump (ArsB) (Xu et al. 1998). Silver (1998) and 
Suzuki et al. (1998) have reported that other genes in the ars operon extended 
the arrangement of this operon to be arsRDABC. ArsA is an ATPase that can 
provide ArsB energy while ef fluxing arsenite out of cells. ArsD is a found 
to be a As chaperone for the arsAB transporter. It helps transport arsenite 
to ArsA and thus increases the affinity of ArsA for arsenite (Lin et al. 2007). 

Surprisingly, there is strong evidence that this reduction is more common 
under aerobic than anaerobic conditions. Macur et al. (2001) in column stud- 
ies of mining tailings showed that only As (V)-reducing microorganisms 
could be cultivated from aerobic soils (Eh of 400 mV) and none from anaero- 
bic columns. Analysis of 16SrDNA genes (As reducing genes) from isolates 
that reduced As (V) to As (III) under pure culture conditions had genes 
identical to that found in gene analysis of the total populations from the 
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soils in the aerobic columns. Isolates that could reduce As (V) under aerobic 
conditions included Caulobacter, Sphingomonas, and Rhizobium-like isolates; 
and more specifically Pseudomonas fluorescens, Pseudomonas aeruginosa, and 
Sphingomonas echinoids (Macur et al. 2001). 

The second reduction reaction is dissimilatory reduction which occurs 
under anaerobic conditions where arsenate is a terminal electron acceptor. 
In this case. As respiration reduction is done by membrane-bound arsenate 
reductase arrAB (Macy et al. 2000). 

Arsenite can be methylated directly or oxidized to the less toxic arsenate 
prior to methylation (Oehme 1972, Coddington 1986, Ishinishi et al. 1986). 
Bacteria gain energy during the arsenite oxidation process where arsenite 
serves as an electron donor, together with the reduction of oxygen or nifrafe 
(Anderson ef al. 1992, Bryan ef al. 2009). 

Bacferia fhaf accomplish oxidafion have fhe aox gene fhaf codes for arse- 
nife oxidase (a DMSO reducfase) (Ellis ef al. 2001), which converfs arsenife fo 
arsenafe (Anderson ef al. 1992). AoxAB is a heferodimeric enzyme composed 
of a large subunif (AoxB) and small subunif (AoxA). This enzyme consisfs 
of a monomer of 86kDa confaining one molybdenum, five or six irons, and 
inorganic sulfide. (Anderson ef al. 1992). 

These resulfs would suggesf fhaf soils pofenfially confain bofh As (V) 
reducing and As (III) oxidizing microorganisms. Indeed, fhis was shown 
by Macur ef al. (2000) who used bofh culfuring and molecular analysis 
(16SrDNA gene sequences) and found bofh As (III) oxidizing {P. fluore- 
scens, Variovorax paradoxus. Agrobacterium tumefaciens) and As (V) reducing 
{Flavobacterium heparinum. Agrobacterium tumefaciens. Microbacterium sp., 
Arthrobacter aurescens, and Arthbacter sp.) bacferia in soils confaminafed wifh 
As from geofhermal acfivify. 

As menfioned in fhe "mefhylafion reacfions and pafhways" secfion, fhe 
general mefhylafion pafhway(s) is a sequence of reacfions where fhe reduc- 
fion of fhe penfavalenf form of As is followed by a mefhyl group fhaf is added 
oxidafively (Dombrowski ef al. 2005). This in furn resulfs in increasingly 
mefhylafed As species (mefhyl arsenife, MM A; dimefhyl arsenafe, DMA-V; 
dimefhyl arsenife, DMA-Ill; and frimefhyl arsine oxide, MAO). The mefhyla- 
fion reacfions do require SAM as fhe source of mefhyl groups. All fhe SAM- 
dependenf mefhylafion sfeps are confrolled by a disfincf gene (arsM) fhaf 
has been found in more fhan 120 prokaryofic species (and some archaea) and 
furfher characferized in Rhodopseudomonas palustris (Qin ef al. 2006). 



Factors Affecting Arsenic Biomethylation 

Arsenic biomethylation is a microbial process and production of methy- 
larsines requires a combination of enzyme activities and energy input 
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(Burau and Gao 1997). Studies have been conducted to find out the optimum 
conditions for As mefhylafion, and bofh very small and very large amounfs 
of As loss via mefhylafion have been reporfed under various experimenfal 
condifions (Table 12.1). Many factors, including As sources, microorganism 
species, environmenfal condifions (soil moisfure, femperafure, pH, redox 
pofenfial, subsfrafes, efc.), are likely fo affecf As biomefhylafion rafes. 



Arsenic Sources 

Forms, concenfrafions, and sfafus (freshly added or residua) of arseni- 
cals may have fhe pofenfial fo affecf fhe As mefhylafion process. Gao and 
Burau (1997) sysfemically assessed arsine evolufion rafes of four differenf 
As species. Under fhe same freafmenfs. As loss followed fhe order: sodium 
cacodylafe (dimefhylarsenic acid; (GH 3 ) 2 As 02 H) (GA) > mefhanearsonic 
acid (GH 3 AsO(OH) 2 ) > sodium arsenife [As(lII)] = sodium arsenate [As(V)] 
(Table 12.1). They suggesfed fhis was due fo fhe differenf solubilifies, foxici- 
fies, as well as mefhylafion mechanisms related fo fhese species. Their resulfs 
were consisfenf wifh Woolson's finding fhaf As loss from GA-confaminafed 
soil was abouf 18%, while only 1% for As(V)-confaminafed soil after 160 days 
aerobic incubafion (Woolson 1977a, Table 12.1). 

Gernansky ef al. (2009) sfudied fhe effecf of As valence on ifs biomefhyl- 
afion. Their resulfs showed fhe average amounf of volaf ilized As for all fesfed 
fungal sfrains ranged from 10% fo 36% of fhe As added fo pure culfures 
(Table 12.1). They concluded fhere was no significanf difference befween 
As (III) and As (V) on As biomefhylafion rafes. They also claimed fhe inifial 
As concenfrafion was more imporfanf fhan As valence. Their experimenfal 
resulfs showed inifial As concenfrafion of 5 or 20 mg/L resulfed in As loss 
from 0.010 fo 0.067 mg and 0.093 fo 1.00 mg, respecfively (Table 12.1). They 
suggesfed larger inifial As concenfrafion can lead fo higher foxicify, which 
will resulf in more intensive microbial defoxificafion acfivifies (Gernansky 
ef al. 2007, 2009). However, Pearce ef al. (1998) reporfed no correlaf ion befween 
inifial As concenfrafion and As loss rafe under fheir fesf condifions. 

Arsenic sfafus will also affecf mefhylafion process. According fo 
Edvanforo ef al. (2004), fungal-induced arsine producfion was more pro- 
nounced (>2.2-fold) in soil freshly spiked wifh As fhan in long-ferm con- 
faminafed soil, and fhe aufhors proposed fhis may happen as fhe freshly 
spiked As is more readily bioavailable (Table 12.1). There is evidence fhaf 
organic arsenicals are more readily volafized fhan inorganic forms (Braman 
1975, Woolson 1979). 



Microorganisms 

Early work fo idenfify As volafizing microorganisms was based on fhe pres- 
ence of a garlic odor or known as "Gasio Gas" named after an Ifalian physi- 
cian Bartolomeo Gosio who pioneered research on fhe microbiology of As 
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Summary of Arsenic Biomethylation Rates under Different Methylating Conditions from Various Studies 
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MMAA, monomethylarsonic acid; DMA, dimethylarsine; TMA, dimethylarsine; MSMA, monosodium methane-arsonate; CA, cacodylic acid; MMA, 
monomethylarsine; CCA, chromated-copper arsenate; DMAA, dimethylarsinic acid; DSMA, disodium methane-arsonate. 
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volatilization in the late 1800s (Bentley and Chasteen 2002). Although As vol- 
atilizing organisms identified by this method were later substantiated, we 
only report the modern research when analytical methods allowed the mea- 
surement of individual As species evolved by microorganisms. Furfhermore, 
we are limifing our review fo As volafizing organisms found in fhe environ- 
menf (soil, wafer, and sewage maferials) and nof fhose reporfed in mamma- 
lian infesfines, feces or urine (see Benfley and Chasfeen 2002). 

In soils, fhus far fhere is no evidence fhaf fhere is chemical volafilizafion 
of As compounds. This was shown by Afkins and Lewis (1976) who found 
no As volafilizafion from sfeam-sferilized soils amended wifh ^'^As labeled 
disodium mefhanearsonafe compared fo non-sferilized soils fhaf losf up fo 
11% of fhe added As over a 60 day incubafion. 

A large consorfium of nafural, indigenous microorganisms are able fo 
converf inorganic As fo volafile alkyl As derivafives via biomefhylafion. 
Aerobic and anaerobic bacferia and archaea (Table 12.2) and microscopic 
fungi (Table 12.3) are responsible for fhis process (Cullen and Reimer 1989, 
Michalke ef al. 2000, Benfley and Chasfeen 2002, Meyer ef al. 2007). These As 



TABLE 12.2 

Bacterial Species Shown to Volatilize As, MMAA, DMAA, MMA, DMA, TMA 



Bacterial Species 


Transformation 


References 


Methanobacterium strain MOH 
ATCC 33272 


As (V) ^ As (III) ^ MMAA^ 
DMAA ^ DMA (anaerobic) 


McBride and Wolfe (1971) 


Flavobacterium, Cytophaga sp. 


DMAA ^ TMAO (aerobic) 
^ TMA (aerobic) 


Chau and Wong (1978) 
Honschopp et al. (1996) 


Alcaligenes sp. 


As (V),As (III), MMAA 
DMAA ^ Arsine (aerobic) 


Cheng and Focht (1979) 


Pseudomonas sp. 


As (V) ^ MMA, DMA, TMA 
(aerobic) 


Shariatpanahi et al. (1981), 
Cheng and Focht (1979) 


Corynebacterium sp., E. coli, 


As (V) ^ DMA 


Shariatpanahi et al. (1981) 


Proteus sp. 


Nocardia sp., Achromobacter sp.. 


As (V) ^ MMA, DMA 


Shariatpanahi et al. (1983) 


Aeromonas sp. 


Strict anaerobic Gram-positive 
strain (ASI-1) (high similarity 
with Clostridium glycolicum 


As (V)^ AsHj, MMAs, DMAs, 
TMAs 

AsX (anaerobic) 


Meyer et al. (2007) 


based on 16S rDNA 
sequencing) 


R. palustris 


As (V) ^ DMA, TMA 


Qin et al. (2006) 


Clostridium collagenovorans 


As (V) ^ TMA 


Michalke et al. (2000) 


Archaea 


Methanobacterium formicicum, 


As (V) ^ MMA, DMA, TMA 


Michalke et al. (2000) 


Methanosarcina barkeri, 


As (V) ^ AsHj 


Michalke et al. (2000) 


Methanobacterium 

thermoautotrophicum 
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TABLE 12.3 



Fungal Species Shown to Volatilize As 



Fungal Species 


Transformation 


References 


C. humicola ATCC 26699 


CCA^TMA 
TMA oxide ^ TMA 


Cullen et al. (1984), Cox 
and Alexander (1973b), 
Picket et al. (1981) 


Scopulariopsis brevicaulis 
(Penicillium brevicaule) 
ATCC 7903 


As (111), MMAA, DMAA^ TMA 


Huysmans and 
Frankenberger (1991), 
Frankenberger (1998), 
Pearce et al. (1998), 
Andrewes et al. (2000), 
Challenger (1945) 


Phaeolus schweinitzii ATCC 
10013 


As (111) ^ total volatile As 
compounds 


Pearce et al. (1998) 


Gliodadium roseum ATCC 10521 


MMAA, DMAA^ TMA 


Cox and Alexander 
(1973) 


Neosartorya fischeri, Aspergillus 
davatus, A. niger 


As (111), As (V) ^ total volatile 
As compounds 


Cernansky et al. (2009) 


Aspergillus davatus, 

A. niger, Trichoderma viride, 
Penicillium glabrum 


As (V) ^ total volatile As 
compounds 


Cernansky et al. (2007) 


Penicillium sp., Ulocladium sp. 
(inoculated to soil) 


As (unknown As species in As 
polluted soil plus DDT) ^ total 
volatile As compounds 


Edvantoro et al. (2004) 



biotransforming organisms have been found in diverse environmenfs: soils 
(Cheng and Fochf 1979, Cernansky ef al. 2007, 2009, Meyer ef al. 2007), sewage 
sludge (Cox and Alexander 1973a, Michalke ef al. 2000), fresh wafer sedimenfs 
(McBride ef al. 1978, Brighf ef al. 1994), and composfs (McBride ef al. 1978). 



Bacteria and Archaea 

The early research of Gosio and even as lafe as fhaf of Fredrick Challenger 
was focused on fungi. Indeed, Challenger and Bach proposed fhaf bacferia 
were unable fo volafilize As (Bach 1945, Challenger 1945). Earlier Punfoni 
(1917) defecfed a garlic-like odor (indicafing As volafilizafion) from several 
bacferia species exposed fo DMA or arsenafe fhaf had been isolafed from 
fecal maferial. Buf in a lafer sfudy. Challenger and Higginboffom (1935) were 
unable fo show volafilizafion from fhese same species culfure collecfion. 
Such oufcomes are fhe reason why Challenger did nof supporf fhe idea 
fhaf bacferia could perform As volafilizafion. Assuming fhese bacferia fhaf 
Challenger used were fhe same species as fhose used by Punfoni, if can be 
inferred fhaf fhere may be only cerfain sfrains of a given bacferial species 
fhaf can do As volafilizafion. 

The mosf widely sf udied group of microorganisms relafive fo As volafiliza- 
fion are mefhanogenic bacferia. Under anaerobic condifions, mefhanogenic 
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bacteria can convert inorganic As into DMA, which is very stable in the 
absence of oxygen (McBride and Wolfe 1971, Cullen ef al. 1977, Woolson 1983, 
Benfley and Chasfeen 2002) (Table 12.2). Mefhanogens are morphologically 
diverse and are found in large numbers in biosolids, composfs, and freshwa- 
fer sedimenfs (McBride ef al. 1978). Af leasf one species of Methanobacterium 
can form DMA from arsenafe, arsenife, and mefhanearsonic acid subsfrafes 
(McBride ef al. 1978) wifh biomefhylafion being complefely inhibifed by 
heaf freafmenf of Methanobacterium cells (McBride and Wolf 1971). Michalke 
ef al. (2000) wifh isolafes from sewage sludge showed one bacferial spe- 
cies {Clostridium collagenovorans) and several mefhanogenic archaea species 
(Table 12.2) could volafilize arsenafe fo mefhylafed As forms (AsHj, MMA, 
DMA, TMA) under anaerobic condifions. They found fhe mefhanogenic 
archaea, Methanobacterium formicicum, fo be fhe mosf efficienf af As volafil- 
izafion of fhe anaerobic microorganism fesfed. 

Early work by Cheng and Fochf (1979) showed fhaf Pseudomonas sp. and 
an Alcaligenes sp. isolafed from soil produced only arsine from arsenafe 
or arsenife when incubafed anaerobically. The bacferia Corynebacterium sp., 
Escherichia coli, Flavobacterium sp., Proteus sp., and Pseudomonas sp. isolafed 
by Shariafpanahi ef al. (1981) from fhe environmenf produced DMA from 
fhe pesficide, sodium arsenafe. Buf only Pseudomonas sp. formed MMA and 
TMA. MMA and DMA were produced from fhe organic pesficide mefhyl- 
arsonafe by Achromobacter sp., Aeromonas sp., Alcaligenes sp., Flavobacterium 
sp., Nocardia sp., and Pseudomonas with Norcardi sp. also producing TMA 
(Shariafpanahi ef al. 1983). Ofhers have been found fhaf TMA oxide can 
be converfed fo TMA by Fusobacterium nucleatum, Veillonella alcalescens, and 
Staphylococcus aureus by Pickeff ef al. (1988, 1981). Honshopp ef al. (1996) 
isolafed Flavobacterium- Cytophaga groups from soils fhaf only produced 
volafile TMA. 

Michalke ef al. (2000) found fhaf Clostridium collagenovorans, Desulfovibrio 
vulgaris, and Desulfovibrio gigas formed defecfable levels of TMA. They also 
showed fhaf mefhanogenic archaea can produce arsine {Methanobacterium for- 
micium) and MMA, DMA, and TMA {Methanosarcina barkeri, Methanobacterium 
thermoautotrophicum). 

The bacferia isolafed fhus far fhaf can mefhylafe organic and inorganic 
forms of As aerobically have greafer diversify fhan fhose isolafed from 
anaerobic environmenfs (Frankenberger and Huysmans 1991). A cross sec- 
tion of bacferia fhaf can volafilize As under aerobic condifions are shown in 
Table 12.2. 

The reporf by Islam ef al. (2007) provides an esfimafe of fhe populafions of 
bacferia fhaf can volafize As in soils. They found fhaf As mefhylafing bacfe- 
ria (AsMB) from fen As-confaminafed sifes in Bangladesh had from 0.2 x lO'^ 
fo 7.8 X lO'* AsMB (MPN)/kg dry soil. 

If worfh nofing fhaf As volafilizafion can proceed under anaerobic condi- 
fions. One of fhe firsf reporfs was by McBride and Wolfe (1971) who found 
Methanobacterium bryantii produced dimefhylarsine. Isolafes from various 
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anaerobic environments that have been shown to volatilize As includes 
Desulfovibrio vulgaris (McBride and Wolfe 1971), Methanobacterium thermoau- 
totrophicum (Cullen et al. 1989), Methanobacterium formicicum (Michalke et al. 
2000), Methanosarcina barkeri (Michalke et al. 2000), and Serratia marinorubra 
(marine facultative anaerobe) (Vidal and Vidal 1980). Some of fhose idenfi- 
fied as As volafilizers are sulfur reducers (e.g., Methanobacterium formicicum) 
(Brighf ef al. 1994, Michalke ef al. 2000). 

Meyer ef al. (2007) isolafed a sfricf anaerobe Gram-posifive sfrain (ASI-1) 
from a soil wifh low levels of As confaminafion fhaf under anaerobic and 
pure culfure condifions produced volafile compounds as mefhylafed As spe- 
cies and arsine (Table 12.2). If showed high similarly fo Clostridium glycoli- 
cum (based on 16S rDNA sequencing) buf inferesfingly fhis known species 
did nof produce any defecfable levels volafile As. From fluorescence in situ 
hybridizafion, if was esfimafed fhaf sfrain ASI-1 was 2% of fhe fofal microbial 
flora of fhis soil. From fhis fhe aufhors suggesfed fhaf fhis sfrain represenfed 
a dominanf member of fhe mefal(loid) volafilizing populafion in fhis soil. 
Addifionally fhey showed ASI-1 grows fermenfafively in presence of yeasf 
exfracf (1%) and uses fhe organic compounds glucose, maltose, sucrose, man- 
nose ribose, sorbifol, glycerol, and sfarch. Besides fhe facf fhaf fhis research 
was on an anaerobe, if is illusfrafive of fhe fype of work fhaf should be done 
on a wider range of soils and under anaerobic condifions fo manage soils 
for nafural affenuafion of As-confaminafed soils. This approach shows fhe 
pofenfial fo develop such sysfems based on fhe knowledge of fhe organisms 
and fheir physiological requiremenfs, fo develop fargefed subsfrafes and 
opfimal condifions fo promofe As volafilizafion. 

An inferesfing observafion is fhaf bacferia adapfed for biomefhylafion of 
As or resisfance fo As, apparenfly can grow beffer in fhe presence of As fhan 
wifhouf As up fo some As fhreshold level. This was shown by Honshopp ef al. 
(1996) who compared upfake of As by fwo soil bacferia (one fhaf mefhylafes 
As and fhe ofher exhibifed As resisfance) and found growfh rafes increased 
up fo 200pg/mL in fhe growfh medium. As expecfed Flavobacterium- 
Cytophaga sp. which exhibifs biomefhylafion accumulated significanfly less 
As in ifs biomass fhan fhe As resisfanf species. 



Fungi 

Fungi were fhe firsf microorganisms fo be associafed wifh As volafiliza- 
fion. Alfhough fhere were earlier reporfs of fungal involvemenf in As 
volafilizafion, if was nof unfil Gosio in fhe late 1800s did sysfemafic sfud- 
ies fhaf unraveled fhe mysfery of As poisoning and found fungi were 
conclusively implicafed in fhis phenomena. Fie showed fhe poisonings 
were As gas released from wallpaper fhaf confained arsenical pigmenfs 
for coloring purposes (Agrifoglio 1954). Specifically he determined fhaf 
Penicillium brevicaule (now called Scopulariopsis brevicaulis (Sacc.) could 
form an arsenical gas fhaf killed rafs (Gasio 1892, 1893). Fie implicafed 
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other fungal species but at this time the exact chemical nature of these 
poisonous arsenical were not known (Agrifoglio 1954). 

With the advent of improved chemical methods for detecting methylated 
forms of As, Fredrick Challenger in the 1940s was the first to link fungal 
species to a specific arsenical gas, TMA. He and coworkers at the University 
of Leeds found low levels of TMA emitting from pure cultures of Aspergillus 
glaucus or A. versicolor. They further showed that these organisms and 
Penicillium notatum, P. chrysogenum, and two strains of Aspergillus niger could 
convert DMA to TMA (Bird et al. 1948). A number of fungal species were 
grown on AS 2 O and were indirectly associated with As volatilization by 
producing garlic-like odors which included Lenzites trabea, Lenzites saepiaria, 
Phaaeolus schweinizii, and Tricohphyton rubrum when grown in the presence of 
As (Zussman et al. 1975, Barret 1978, Pearce et al. 1998). 

Other fungi species, associated with As biomethylation, have been isolated 
from various environmental samples. With the widespread use of CCA as 
wood preservative since the 1970s until recently, there has been interest in 
degradation of treated wood and release of As. Cullen et al. (1984) found 
that C. humiculus growing on preserved wood could release TMA. DMA was 
converted to TMA by three fungi isolated from sewage sludge {Gliocladium 
roseum, Penicillium sp., and Candida humicola, later reclassified as Apiotrichum 
humicola by Cullen et al. (1995) (Cox and Alexander 1973). 

Frankenberger and coworkers have done in-depth studies of a Penicillium 
species isolated from an agricultural evaporation pond. Environmental con- 
ditions that promoted TMA release by this organism are discussed in detail 
later in this chapter. 

A species of Fusarium was isolated from soil contaminated with a cattle 
medicinal solution dip (As trioxide) more than 30 years after the contamina- 
tion (Thomas and Rhue 1997). In pure culture this organism released arseni- 
cals of unknown chemical structure. 

Cernansky et al. (2009) investigated the potential of three microscopic fila- 
mentous fungi strains isolated from soil samples collected from a mining site 
highly contaminated with As. In pure culture the fungi released arsenicals 
from As (III) or As (V) in the following order: Neosartoryafischeri > Aspergillus 
clavatus > A. niger which averaged across all fungi was 24% and 16% for As 
(V) addition of 4 and 17 mg/L, respectively (similar results were found for 
As III). Interestingly, even though As (III) is considered to be more toxic than 
As (V), there were minimal differences in fungal biomass or As volatiliza- 
tion. A more important factor was As concentration which on a percentage 
basis was higher at the lower concentration. However, this stands in contrast 
to Pearce et al. (1998) who found no effect of initial As concentration on As 
volatilization by fungi. 

Table 12.3 presents fungi identified by Cernansky et al. (2007) that could 
volatilize As. An important finding of this research was that the amount of 
As volatilized was higher for the A. niger strains isolated from the uncon- 
taminated than those from a contaminated soil. This may be due to the 
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strain isolated from the contaminated soil having made adaptations to 
reduce toxicity by enhancing melanin production, which binds As (Fogarty 
and Tobin 1996), or by enzymatic intracellular transformation of As — all of 
which immobilizes As rafher fhan allowing for biomefhylafion and volafile 
losses of As. 

Of fhe fungi sfudied so far if seems C. humicola may be one of fhe mosf 
imporfanf and versafile for volafilizing As. If can use arsenafe or arsenife as 
a subsfrafe fo produce TMA (Cullen ef al. 1979). Addifionally if can mefhylafe 
benzenearsonic acid, mefhylphenylarsinic acid, and dimefhylphenylarsine 
oxide fo fhe volafile dimefhylphenylarsine (Cullen ef al. 1983). And as men- 
fioned earlier if can deplefe As from wood impregnafed wifh fhe preserva- 
five CCA (Cullens ef al. 1984). 

Microbial Inoculation of Soils 

Inoculafion of soil wifh As mefhylafing microorganisms can enhance bio- 
mefhylafion rafes. Edvanforo ef al. (2004) reporfed arsine evolufion rafes for 
inoculafed {Penicillium sp. and Ulocladium sp.) fo long-ferm As-confaminafed 
and freshly As spiked soils were approximafely 3.7 and 8.3 orders of magni- 
fude greafer fhan uninoculafed soils (Table 12.1). 

Pearce ef al. (1998) found fungus isolafed from unconfaminafed sub- 
sfrafe was more capable of mefhylafing As fhan fungus isolafed from 
As-confaminafed subsfrafe. They affribufed fhis finding fo fhe facf fhaf fungi 
isolafed from confaminafed soil may have a larger abilify fhan fungi from 
unconfaminafed soil fo produce melanin, a compound fhaf may bind As and 
decrease As upfake (Fogarfy and Tobin 1996). Similar resulfs were found by 
Cernansky ef al. (2007) who showed fhaf A. niger (B) sfrains isolafed from 
unconfaminafed subsfrafes had higher abilify fo volafilize As fhan fhe sfrain 
from an unconfaminafed subsfrafe. They suggesfed fhaf fhe sfrain isolafed 
from confaminafed subsfrafe may shiff foward As absorbance and tolerance 
over volafilizafion. 

Though conversion rafes varied, many previous sfudies showed mosf 
exfracfable soil As can be fransferred fo fhe afmosphere by fhis microbial 
process (Table 12.1). 

Environmental Conditions 
Soil Moisture and Temperature 

It stands to reason that favorable moisture and temperature regimes would 
enhance a biologically driven process such as As volatilization. Indeed, 
Woolson (1977b) concluded that the environmental factors of adequate mois- 
ture and warm temperatures that promote microbial activity in combina- 
tion with high organic matter enhance biomefhylafion. Gao and Burau (1997) 
proposed that warmer temperatures and an optimum soil moisture between 
250 and 350g HjO/kg soil can enhance arsine evolution. 




Biomeihylation of Arsenic in Contaminated Soils 



249 



Edvantoro et al. (2004) found lower rates of As loss with a soil moisture of 
75% of field capacity than a dryer soil of 35%. In this case over 5 month incu- 
bation, the higher soil moisture content had only about 4% total As losses 
compared to 6%-8% at the lower water content of two soils amended with 
30% animal manure. 



pH 

Frankenberger and Huysmans (1991) evaluated conditions most suitable for 
TMA production using a Penicillium species isolated from an evaporation 
pond in California. They suggested pH 5-6, temperatures around 20°C, and 
phosphate concentration of 0.1-50 mM was optimal for As volatilization. 

Cox and Alexander (1973) tested several pH conditions for TMA produc- 
tion by C. humicola, indicating the optimum pH is 5.0. In sediments. Baker 
et al. (1983) found that As methylation was optimal at pH 3.5-5. 5 which was 
attributed to acidification causing a release of As that was biologically avail- 
able for As volatilization. This mechanism for this optimum pH was demon- 
strated by Signes-Pastor et al. (2007) who found that the lowest pH of their 
experiment (pH 5.5) had the highest soluble As which would make it more 
biologically available. 



Redox Potential 

The results on the effects of anaerobic versus aerobic on As volatilization are 
mixed. However, as might be expected fungi, yeasts, and a wide range of 
species for bacteria dominate under oxic conditions, whereas under anaero- 
bic conditions a more narrowly focused set of bacteria, primarily methano- 
genic bacteria or archaea drive volatilization of As (Boyle and Jonasson 1973, 
Weinberg 1979). 

Woolson (1977a) added isotope labeled As into soils and studied As meth- 
ylation under both aerobic and anaerobic conditions for 160 days. Results 
indicated volatile As compounds formed most quickly under aerobic condi- 
tions, and the largest As loss (18%) was in aerobically treated soil. Similar 
findings were provided by Edvantoro et al. (2004) and Turpeinen et al. (1999), 
but all reported methylation rates in aerobic conditions were not more than 
18% (Table 12.1). 

Contrary to these findings, Atkins and Lewis (1976) found that 8.1% of 
the ^'‘As added to soil was lost over a 60 day incubation under anaerobic 
conditions compared to 2.2% losses under aerobic conditions. Similarly, 
Woolson and Kearney (1973) showed that As losses from sodium caco- 
dylate added to soil was 35% under aerobic conditions whereas under 
anaerobic conditions there was a 61% loss. Interestingly, the form of As 
that volatilized was different due to redox potential, with organic arseni- 
cals dominating under aerobic conditions whereas TMA dominated under 
aerobic conditions. 
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Thomas and Rhue (1997) showed there was an interaction between a 
readily available energy source (glucose) and redox conditions. They found 
that under more aerobic conditions, addition of glucose had no effecf on As 
volafilizafion compared fo anoxic condifions when glucose sfimulafed As 
volafilizafion. 

These somewhaf conflicfing resulfs befween aerobic and anaerobic con- 
difions mighf be explained by fhe lack of confrol or accounfing for fhe 
exacf level of redox pofenfial in previous experimenfs (e.g., anaerobic vs. 
aerobic buf no measuremenf of fhe acfual redox pofenfial across freafmenfs). 
A pofenfial insighf for fhe role of redox pofenfial on biomefhylafion may be 
relafed fo fhe solubilify or bioavailabilify of As as a funcfion of Eh. Signes- 
Pasfor ef al. (2007) showed fhaf As was mosf soluble under moderafely 
reducing condifions (0 fo -150 mV) due fo dissolufion of iron oxy-hydrox- 
ides. Inferesfingly upon reducfion fo -250 mV, As solubilify decreased and 
was confrolled by fhe formafion of insoluble sulfides. This is imporfanf 
because if redox pofenfial confrols soluble As (biologically available), if 
fherefore also confrols biomefhylafion and rafes of As volafilizafion. 

Alfhough mosf of fhe research on specific microbial anaerobic isolafes (as 
described previously) has been done in relafion fo anaerobic sewage sludge 
or in pure culfures (see review by Benfley and Chasfeen [2002]), anaerobic 
bacferia could be imporfanf in remediafing As confaminafed. For example, 
when local condifions allow, if mighf be possible fo flood As-confaminafed 
sifes or fo have pulsing sysfems fhaf resulf in flucfuafing redox pofenfial fo 
drive anaerobic As. 

Indeed, flucfuafing befween low and high redox pofenfial may be impor- 
fanf in making As more biologically available. This was shown by Frohne 
ef al. (2010) and ofhers (Masscheleyn ef al. 1991, Chiu ef al. 1998, Mifsunobu 
ef al. 2006) fhaf soluble As (as III species) increased wifh decreasing redox 
pofenfial. The mechanism is fhaf under low redox pofenfial, Fe (hydr)oxides 
are reduced which resulfs in concurrenf release of associafed As (Mifsunobu 
ef al. 2006). Thus, one could imagine subjecfing soils fo reducing condifions 
fo increase As in soil solufion followed by inducfion of aerobic condifions 
fhaf would be a more favorable environmenf for fungi which fypically do nof 
fhrive under anaerobic condifion. Buf sfimulafed under aerobic condifions, 
fungi can be dominanf players in driving As volafilizafion. 

Non-Arsenic Substrates 
Soil Amendments 

Nutritional support of microorganisms has been shown to be related to As 
biomefhylafion. This was first supported by Atkins and Lewis (1976) who 
investigated As release from soils that had a range of soil organic matter 
levels. In this case the highest level of release was 11% of the isotopically 
labeled As soil (100 pg As/g) in the soil with the highest organic matter con- 
tent (11%) after 60 days. From this it would follow that addition of organic 
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inputs should create a larger and more active microbial community to trans- 
form soil As in to volatile forms. Indeed, Dobran and Zagury (2006) who 
found As mefhylafed producfs were nof found in soils wifh limifed nufrienfs 
available for microbial growfh. 

Subsequenf sfudies on nafurally occurring subsfrafes such as animal 
manure have provided evidence fhaf fhese inpufs can affecf As volafilizafion. 
Addifions of fresh manure fo soil can increase fhe bioavailabilify of As spe- 
cies fhaf appear fo be linked fo higher rafes of volafilizafion (Walker ef al. 
2004). Mohapafra ef al. (2008) sfudied fhe effecf of cow dung on As volafiliza- 
fion of mefhanogenic bacferia in an anaerobic digesfer. They reporfed a sur- 
prisingly large mefhylafion yield of 35% under fhe mosf suifable condifions 
(Table 12.1). Moreover, fhe volafilizafion rafes decreased when rafes of manure 
inpufs reached a fhreshold, which fhey affribufed fo fhe formafion of mefh- 
ane fhaf could inhibif fhe formafion of volafile As and led fo fhe producfion 
of non-volafile compounds. Similarly, Edvanforo ef al. (2004) added manure 
and urine fo soils confaminafed by As and DDT. Their 5 monfh experimenfs 
demonsfrafed fhaf increasing manure applicafions caused more As losses. 

Invesf igaf ions of model compounds, mosf offen on pure culf ures, have been 
done fo defermine fhe mechanisms fhaf drive As volafilizafion. Turpeinen 
ef al. (2002) showed fhaf a very simple carbon source (0.2% glucose) did nof 
sfimulafe As mefhylafion or induce fhe reducfion of soluble As in soils. 
Conversely, Gao and Burau (1997) showed fhaf cellulose, a more complex 
and recalcifranf compound, sfimulafed fhe soil microbial communify which 
resulfed in elevafed evolufion of volafile As. There was a linear relafionship 
{R^ = 0.99) befween cellulose applicafion rafe (ranging from 0% fo 5% wef wf.) 
and volafile arsine producfion in fhe soil freshly spiked wifh 10 mg inorganic 
As/kg soil over a 70 day incubafion. However, in fhe same sfudy, fhe addi- 
fion of cellulose fo soil confaining organic As as sodium cacodylafe caused a 
decrease in demefhylafion of CA. The aufhors suggesfed fhe microorganism 
preferred readily released C from cellulose over fhaf in cacodlyafe. 

In pure culfure, Huysmans and Frankenberger (1991) found fhaf a 
Penicillium sp. was sfimulafed fo converf MMAA from TMA when amino 
acids (phenylalanine, isoleucine, and glufamine) were added fo pure culfure 
media. Conversely, fhis same sfudy showed fhaf carbohydrafes and sugar 
acids suppressed fhis process. 



Incubation Time and Rates of As Volatilization 

Reported incubation times for As biomethylation varies from days to months 
(Table 12.1). Rates of As volatilization varied considerably across various 
studies. This is likely to the highly variable environmental conditions, types 
of organic substrates that may or may not have been used, soil types, and 
other unknown factors. 

In general, anaerobic incubation times used in published studies tend to 
be longer than aerobic incubation. Mohapafra ef al. (2008) studied the rate of 




252 



Environmental Contamination 



As removal as arsenical gases via methanogenic bacteria under anaerobic 
conditions. The initial rate of As volatilization was large, which suggested 
that the microorganisms were well adapted to grow in the presence of As. Af 
lafer sfages of incubafion, fhe biomefhylafion rafe was reduced correspond- 
ing fo fhe gradual decrease of subsfrafe. The biomefhylafion rafe was a firsf- 
order linear kinefics up fo 40 days and fhereaffer biomefhylafion rafe was 
negligible, likely due fo fhe lack of subsfrafe or aufo poisoning. 

Some experimenfs have reporfed relafively low rafes of As volafilizafion. 
This includes Rodriguez (1998) who found only 0.0005% of fofal As confenf 
was losf over a 20 week period. Similarly, Turpeinen ef al. (2002) under bofh 
aerobic and anaerobic condifions showed fhaf of fhe arsenafe added fo soil, 
only 0.02%-0.3% As was losf as volafile TMA over a 10 day lab incubafion. 
They reporfed fhaf fhese resulfs were similar fo whaf fhey found in fhe field 
in soil confaminafed by indusfrial As pollufion from a wood As impregnaf- 
ing facfory. Islam ef al. (2007) found fhaf in soil confaminafed nafurally wifh 
As from geologically confaminafed wafer losf 0.4% of fhe fofal As over a 100 
day incubafion. 

Gao and Burau (1997) found fhaf As evolved as arsines was <1% of fhe 
incorporafed As affer a 70 day incubafion period for all freafmenfs in fhis 
sfudy (<0.01%/day). The maximum fracfional release over 70 days of added 
As as arsines (0.4%) occurred in fhe soil freafed wifh 10 mg As/kg soil as 
sodium cacodylafe (CA), plus 5% cellulose and where fhe sysfem was main- 
fained af -0.03 MPa. 

The aforemenfioned volafilizafion rafes are much lower fhan ofher reporfs 
in fhe liferafure. Values reporfed by Woolson (1977b) were in fhe range of 
0.033%-0.386%/day for CA volafilizafion as alkylarsines. Woolson (1977a) 
observed an 18% loss from a CA-amended soil affer 160 days when flush- 
ing fhe sysfem wifh air. The soil had a pH of 5.3, a loam fexfure and fhe soil 
moisfure was mainfained af 25%-35% of field capacify. Addifion of animal 
manure fo soil (30% wef wf.) wifh moisfure af 75% of field capacify resulfed 
in 8.3% of fhe As being volafilized over a 5 monfh incubafion (Edvanforo 
ef al. 2004) 

A factor fo consider for rafes of and fransformafions of As volafilizafion 
is fhe "aging" of As fhaf occurs in soils affer soils receive As compounds. 
Onken and Adriano (1997) showed fhaf As volafilizafion rafe from sodium 
arsenafe or sodium arsenife added fo soil, declined fo zero affer 68 days. 
They explained fhese resulfs were due fo fhe conversion of bioavailable 
forms fo insoluble As compounds and fhis happened in bofh safurafed and 
subsafurafed soils. 

Anions and Trace Elements 

Phosphate and arsenafe are chemical analogs. Because of fhe similarify 
befween fhese fwo anions, compefifion befween phosphate and arsenafe 
upfake by microorganisms is likely fo occur (Kerfulis ef al. 2004). 
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Amendment of soils with phosphate could potentially be a means of 
displacing As from solid phases and thus making it more biologically avail- 
able for biomethylation. Indeed, Signes-Pastor et al. (2007) showed that with 
increased rates of P addition there were increased levels of soluble As. Since 
phosphate fertilizers are routinely added to soil, this amendment might be 
a practical means for increasing As volatilization from As-contaminated 
soils. Unfortunately, even though phosphate might increase the uptake of As 
by microorganism, because of its similar chemical properties to phosphate, 
phosphate interferes with the biomethylation. 

This was shown by Cox and Alexander (1973) who studied phosphate 
effect on TMA formation by fungi, C. humicola. They found phosphate inhib- 
its TMA formation from arsenite, arsenate, and monomethylarsonate, but not 
from dimethylarsinate. Hyperphosphite will lead to temporary reduction or 
even a cessation of TMA evolution and phosphite suppresses TMA produc- 
tion from monomethylarsonate. They postulated phosphate blocks TMA 
formation at the stage between the mono- and dimethylarsenic compounds, 
which then inhibits biomethylation. Meanwhile, their research showed that 
high concentrations of antimonite, selenite, selenate, and tellurate affected 
conversion rate of arsenate while nitrate had no effect. 

Frankenberger (1998) reported novel results on the effect of trace ele- 
ments on As volatilization. He tested 21 trace elements to determine their 
inhibition or activation on As biomethylation by Penicillium sp. Results 
showed at 10 or 100 pM, only four trace elements, Co, Fe, Al, and As (III), 
stimulated volatilization. At the higher concentration of 1000 pM, 17 trace 
elements completely inhibited biomethylation. Only As(III) As (V), Se(IV) 
and Se(VI) didn't show complete inhibition and As(III) surprisingly 
enhanced As volatilization by the magnitude of 3.48-fold. Conversely, at 
low concentrations, Al, Cu, Fe, Hg, Se, and Zn stimulated biomethylation 
(Frankenberger 1998). 



Perspectives 

Biomethylation may be a useful, natural attenuation method for bioreme- 
diation of soils and water contaminated by heavy metals and metalloids 
(Frankenberger et al. 1991). Volatilization via methylation could be used 
to remove As contamination from soil and water. Biomethylation as a As 
bioremediation technology has many advantages over other remediation 
approaches. First, As biomethylation is a naturally occurring process and 
there is no need to inoculate specific microorganisms to contaminated soils 
for As removal (Cernansky et al. 2007). Second, although the arsine conver- 
sion rate in soils are considered to be low to moderate, especially in those 
soils that have been contaminated for a long time (Edvantoro et al. 2004), this 
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process is continuous. This is especially true when environmental factors 
affecting biomethylation have been optimized. 

Moreover, due to the slow rate of arsine evolufion, if is unlikely for fhe 
released biomefhylafed arsenical gases fo cause healfh issues. To dale fhere 
is nof any evidence fhaf volafile As formed by biomefhylafion would lead 
fo any environmenfal risk (Edvanforo ef al. 2004). Some argue fhe final As 
mefhylafion producfs could be more foxic fo human and animals because 
fhey can cause sfronger DNA damages fhan inorganic As forms (Dopp ef al. 
2004). However, fhe concenfrafion of mefhylafed arsenics released fo afmo- 
sphere would be much lower fhan fhe concenfrafion fhaf could lead fo DNA 
damages. 

In shorf. As biomefhylafion has pofenfial as an inexpensive and feasible 
mefhod for bioremediafion of As-confaminafed soils. However, recenf sfud- 
ies on As biomefhylafion are limifed fo laborafory sfudies and mosf are 
using arfificially confaminafed soils rafher fhan soils from pollufed sifes. 
Furfhermore, mosf researchers evaluafed fhis process wifh soil enriched 
wifh As as fhe sole confaminanf (Edvanforo ef al. 2004). Thus, such resulfs 
may fail fo represenf fhe real sifuafion of As biomefhylafion in soils fhaf 
are fypically confaminafed wifh mulfiple inorganic and/or organic chemi- 
cal confaminanfs. Many sfudies do nof quanfify fhe pofenfial of biomefh- 
ylafion fo remove As from pollufed soil. Basic and applied research is 
needed fo develop biomefhylafion as a viable bioremediafion fechnology for 
As-confaminafed soils. 
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Copper in Biology 

Forms and Availability of Copper 

Copper is a fransifional elemenf, found befween nickel and zinc on fhe 
periodic fable of elemenfs. This mefal's afomic number is 29 and has an 
afomic weighf of 63.5 (Wulfsberg 2000). Copper concenfrafions range from 
3 fo 110 ppm in soils and have an average abundance of 55 ppm in fhe Earfh's 
crusf (Linder and Goode 1991, Misra 2000). This is quife rare when com- 
pared fo fhe elemenfs aluminum (81,300 ppm), iron (50,000 ppm), and man- 
ganese (950 ppm). Ofher elemenfs worfh nofing due fo possible influence 
on copper fransporf are zinc, cobalf, lead, silver, and gold. Zinc abundance 
is similar fo copper wifh amounfs in soils ranging from 16 fo 95 ppm and 
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averages 70 ppm (Linder and Goode 1999, Misra 2000). Cobalt and lead are 
found in similar concentrations, slightly less than copper. Cobalt ranges 
2-47 ppm with an average of 25 ppm, whereas lead ranges 7-48 ppm and 
averages 13 ppm in the Earth's crust. Gold is the least abundant averaging 
0.07ppm (Misra 2000). 

In nature, the common major ores of copper are bornite (CujFeSJ, chalco- 
pyrite (CuFeS 2 ), chalcocite (CU 2 S), and malachite (Cu 2 C 03 ( 0 H) 2 ). In contrast, 
cuprite (CU 2 O), covellite (CuS), and native copper (Cu) are found in smaller 
amounts and are minor ores (Klein et al. 2002). Copper has two different 
oxidation states, Cu+ (Cu(I)) and Cu^+ (Cu(II)) (Linder and Goode 1999). 
Copper (I) ions can only be found free in very acidic solutions or complexed 
with other molecules, whereas free Cu(II) ions are stable in neutral, aqueous 
solutions that are exposed to the atmosphere (Klein et al. 2002). 

During early geologic time (before 2.5 x 10® years ago) both the atmosphere 
and the oceans were in a reduced state (Walker et al. 1983). The dominant 
species of carbon, nitrogen, and sulfur in this environment would have 
been CO, CH4, N2, NH3, and H2S (Stevenson 1983). Metal bioavailability 
would be limited to Fe, Mn, Zn, Co, Ni, and Mo complexes for integration 
into molecular cofactors (Chapman and Schopf 1983). The first oxygen pro- 
ducers, cyanobacteria, emerged during the Early Archean time period and 
many scientists believe that these photosynthesizing organisms were the 
cause of the oxidized atmosphere found during current time (Chapman 
and Schopf 1983). Even though photosynthetic organisms appeared 
approximately 3.5 x 10® years ago, during transitional period oxygen was 
only found sporadically in microclimates. It was not until 1.7 x 10® years ago 
that the accumulation of free oxygen resulted in widespread aerobic condi- 
tions in the Earth's atmosphere as well as the oceans (Walker et al. 1983). 
Within this newly oxidized environment, iron availability decreased dra- 
matically whereas copper became available as Cu(II) (Chapman and Schopf 
1983). This change in the availability of copper is arguably the second most 
significant event in geologic history after the evolution of oxygen, giving 
rise to the complex photosynthetic pathway found in modern, higher plant 
systems. 

Copper and Nutrition 

Bioavailability of copper to plants is dependent on the soil type. Copper, 
especially as Cu(II), has a high affinity to bind to organic matter with an 
estimated 98% of copper found as a complex in soil solutions (Marschner 
1995). Therefore, organic soils are defined copper deficient if there is less than 
20 ppm whereas inorganic soils are deficient if there is less than 4 ppm (Linder 
and Goode 1991). Most plants contain copper concentrations ranging from 
5 to 20pg/g (ppm) dry weight (Hemphill 1972, Marschner 1995). Symptoms 
of deficiency start when copper decreases below 5 pg/g dry weight in veg- 
etative tissues, while toxicity levels can be defined as 20pg/g dry weight 
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or higher in the same tissue (Hemphill 1972, Marschner 1995). The highest 
quantity of copper can be found in seeds, nufs, and legumes of planfs, wifh 
some nufs such as cashews and coconufs reaching levels of 30 pg/g or more. 

Copper deficienf planfs can display a wide variefy of sympfoms depend- 
ing on fhe planf species and developmenfal sfage. Sympfoms consisf of 
decreased growfh rafe, disforfion or whifening of young leaves, damage 
fo fhe apical merisfem, as well as a decrease in fruif formafion (Childers 
ef al. 1995, Marschner 1995). Secondary effecfs of copper deficiency can be a 
decrease in cell wall formafion and lignificafion in several fissues, including 
xylem fissue which would resulf in insufficienf wafer fransporf (Marschner 
1995). Due fo fhe elevafed levels of copper found in reproducfive fissue, defi- 
ciency has a severe effecf on pollen developmenf and viabilify, fruif and seed 
producfion, in addifion fo embryo developmenf and seed viabilify. High 
nifrogen concenfrafions in soils can induce copper deficiency in planfs by 
decreasing copper mobilify and availabilify (Marschner 1995). 

Copper foxicify fhresholds vary greafly befween species of planfs and 
affecf fissues differenfly depending on mefabolic requiremenfs. Excess cop- 
per concenfrafions in fhe soil fend fo decrease roof growfh before shoof 
growfh due fo preferenfial copper accumulafion in fhaf organ (Marschner 
1995). The mosf common general symptom of foxicify is chlorosis of vegefa- 
five fissue. Increased formafion of free radicals resulfing in oxidafive sfress 
can occur when high amounfs of Cu, Cd, Pb, or Al are observed af a cellular 
level (Pessarakli 2005). Af a molecular level, phofosynfhesis is affected by 
damage fo fhylakoid membranes resulfing in changes fo chloroplasf ulfra- 
sfrucfure, inhibifion of elecfron fransporf befween phofosysfem II (PSII) and 
phofosysfem I (PSI), and impairmenf of carboxylase and oxygenase acfivifies 
of RUBISCO (Pessarakli 2005). Copper foxicify can also reduce iron up fake, 
even fo fhe poinf of deficiency, depending on fhe form of iron available in fhe 
soil (Marschner 1995). 



Requirements for Metabolism 

The three most abundant trace elements in biochemical systems are 
iron, zinc, and copper (Bhattacharya 2005). Since several proteins and 
enzymes require copper for proper function, copper is essential for sur- 
vival of most organisms (Linder and Goode 1991). Copper containing pro- 
teins have three major functions: dioxygen transport, catalytic, or copper 
transport/sequestration (Bhattacharya 2005). Photosynthetic organisms do 
not contain copper proteins that function in dioxygen transport. However, 
one example of such a protein is hemocyanin that can be found in mollusks, 
arthropods, and annelids. Hemocyanin is an exceptionally large protein 
(4500-9000 kDa) that is oxygenated in the gills of mollusks and transfers 
oxygen to tissues throughout the organism (Bhattacharya 2005). 

Copper proteins that have catalytic functions include oxidation, electron 
transfer, and superoxide dismutation. Laccase and ascorbate oxidase are 
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both proteins that can oxygenate substrates by transferring four elecfrons 
fo a dioxygen molecule, resulfing in fwo wafer molecules (Bhaffacharya 
2005). Laccase is a mulficopper-confaining glycoprofein fhaf has been 
found in arfhropods, fungi, and higher planfs. This profein can acf as a 
polyphenol oxidase and has been mosf widely implicafed in lignin syn- 
fhesis (Gavnholf and Larsen 2002). In planfs, laccases have a predicfed 
N-ferminal signal pepfide sequence fhaf is for fhe secrefory pafhway, 
which could lead fo infegrafion info fhe cell wall (Gavnholf and Larsen 
2002). This is consisfenf wifh previous research fhaf has isolafed laccase 
from cell walls. 

The biochemical funcfion of ascorbafe oxidase is fo oxidize alpha ascorbic 
acid fo dehydroascorbic acid (Bhaffacharya 2005); however, fhe biological 
funcfion is nof well undersfood. In planfs, ascorbafe oxidase is found pre- 
dominafely in fhe apoplasf because dehydroascorbic acid is more readily 
faken up by fhe cell fhan fhe charged form of fhe molecule (Horemans ef al. 
2000). Ascorbic acid has been highly sfudied in planfs and fhe major biologi- 
cal funcfion is in oxidafive sfress defense mechanisms wifh high levels found 
in chloroplasfs (Smirnoff 1996). Even f hough ascorbafe oxidase funcfion is 
unknown, franscripf levels are increased in fhe lighf (Pignocchi ef al. 2003). 
More recenfly, if has been suggesfed fhaf one role could include cell elonga- 
fion fhrough cell wall loosening mediafed by fhe hormone auxin (Kafo and 
Esaka 2000). Inferesfingly, planfs confain a group of ascorbafe oxidases fhaf 
do nof include a copper-binding sife. These fwo groups of oxidases have 
approximafely 25%-30% sequence similarly; however, if is expecfed fhaf 
fhe profeins lacking copper have a differenf biological funcfion (Nakamura 
and Go 2005). Bofh Brassica napus and Arabidopsis confain ascorbafe oxidases 
lacking copper wifh funcfions in Brassica involving pollen fube growfh 
(Hulzink ef al. 2002) and direcfional roof growfh in Arabidopsis (Sedbrook 
ef al. 2002). 

The mosf nofable elecfron fransfer profeins confaining copper are 
cytochrome c oxidase and plasfocyanin. Gyfochrome c oxidase is found 
in aerobic bacferia and mifochondria of all eukaryofes. This large, frans- 
membrane profein is fhe ferminal oxidase in fhe cellular respirafion 
system. The biochemical funcfion of cytochrome c oxidase is fo use elec- 
frons from cytochrome c fo reduce dioxygen fo produce wafer and af fhe 
same fime pump protons (Michel ef al. 1998). The enzyme is located in fhe 
mifochondrial inner membrane and confribufes fo fhe elecfrochemical gra- 
dienf of profons across fhe membrane. This gradienf drives fhe synfhesis 
of adenosine-5'-friphosphafe (ATP), which is fhe primary energy source 
for living organisms. Mosf cyfochrome c oxidases have fhree core subunifs 
fhaf are highly conserved across organisms. There are fwo copper binding 
sifes (Gua and Gug) wifh a fofal of fhree copper afoms (Sfeffens ef al. 1987). 
The large G-ferminal domain of subunif II in fhe infermembrane space 
confains a Gu^-cenfer fhaf funcfions as an elecfron conducfor. In confrasf. 
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subunit I is the site of oxygen reduction, containing two atoms of copper af 
fhe Cug sife and fwo heme groups (Sfeffens ef al. 1987). 

Plasfocyanin is a small, blue, copper-confaining profein found in pho- 
fosynfhefic organisms. If is defined as a blue profein because of fhe form 
of copper bound (Cu II) and fhe characferisfics of fhe binding sife which 
consisfs of fwo hisfidines, one cysfeine, and one mefhionine (Bhaffacharya 
2005). Plasfocyanin confains one copper ion, is approximafely lOkDa, and 
is locafed inside fhe lumen of planf chloroplasfs as well as some cyano- 
bacferia and green algae. The biochemical funcfion is fo fransfer elecfrons 
befween cyfochrome complex and PSI in fhe lighf-mediafed reacfion of 
phofosynfhesis (Pessarakli 2005). The sfrucfure of plasfocyanin is an eighf 
sfrand, anfiparallel (3-barrel (Sigfridsson 1998) and fhe copper binding 
sife is highly conserved across higher planf sysfems as well as some algae 
af HIS42, CIS‘'2, HIS‘*5, and METioo (Pessarakli 2005). The phofosynfhefic 
machinery of phofosysfem II and phofosysfem I are locafed wifhin fhe 
membrane of fhe fhylakoid. Similar fo cellular respirafion in mitochondria, 
fhis machinery drives an elecfrochemical gradienf fhaf produces ATP as 
well as fhe reduced form of nicofinamide adenine dinucleofide phosphafe 
(NADPH). The producfs from fhis lighf-dependenf pafhway are fhen used 
fo converf carbon dioxide fo sugar, for fhe planf fo use as food (Pessarakli 
2005). This carbon fixafion, via fhe Calvin cycle, occurs in fhe sfroma of fhe 
chloroplasf. 

The fhird fype of cafalyfic copper profein is fhe superoxide dismufase 
enzyme which requires a mefal cofacfor for proper funcfion. There are fhree 
differenf kinds of superoxide dismufases, manganese, iron, and copper, zinc 
(Linder and Goode 1991). This enzyme is responsible for reducing oxidafive 
sfress caused by superoxides (02~) and highly reacfive hydroxyl radials (OH) 
wifhin fhe cell by mediafing fhe following reacfion: 

O2 + O2 + 2 H* ^ H2O2 + O2 

Hydrogen peroxide (H 2 O 2 ) is fhen converfed fo H 2 O via cafalases and per- 
oxidases (Bowler ef al. 1992, Kliebensfein ef al. 1998). Manganese and iron 
superoxide dismufases (SOD) are sfrucfurally similar wifh fhe mefal ion nof 
having a sfrucfural role. Copper, zinc SOD has fwo equal subunifs wifh each 
subunif confaining bofh one copper and one zinc ion (Bhaffacharya 2005). 
The presence of fypes of SOD varies befween species, buf many planfs have 
a mitochondrial MnSOD, a cytosolic CuZnSOD, and a chloroplasfic FeSOD 
and/or CuZnSOD (Bowler ef al. 1992). In planfs, all fhree kinds of SOD are 
nuclear encoded wifh fargefing sequences fhaf directed fhem fo fheir subcel- 
lular locafions. 

The lasf major group of copper confaining profeins, and a major focus of 
fhis review, funcfions in copper fransporf and sequesfrafion. This group of 
profeins is described in defail in fhe following secfion. 
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Biochemistry of Copper Transport 
Types of Copper Transport Proteins 

Copper uptake and distribution is tightly regulated because free copper ions 
are very toxic, even at low levels. The presence of free copper ions (Cu(I) 
or Cu(II)) in the cell can cause autooxidation of proteins, lipids, and nucleic 
acids (O'Halloran and Culotta 2000). It is speculated that intracellular free 
copper concentrations are very low because of the binding capacity of pro- 
teins that can sequester and traffic these metal ions (Rae et al. 1999). The 
three major categories of copper homeostasis proteins are membrane trans- 
porters, copper chaperones, and metallothioneins. 

Currently, it is unknown which form of copper is generally taken up by 
different organisms; however, experimental data in yeast suggest copper is 
imported as Cu(I) (Dancis et al. 1994, Knight et al. 1996, Puig et al. 2002). 
Some organisms such as yeast contain metalloreductases on the plasma 
membrane to reduce Cu(II) to Cu(I) extracellularly before transport (Hassett 
and Kosman 1995, Georgatsou et al. 1997). Once copper has been reduced, 
there are several different types of transporters that can transport Cu(I) 
across cell membranes. One common type of transporters is the copper 
transporter family (Ctr) first discovered in plants but most studied in yeast. 
Members of this family are predicted to have three transmembrane domains 
and are rich in Met and Cys/His motifs (Figure 13.1A) (Harris 2000, Puig and 
Thiele 2002, Dumay et al. 2006). Depending on the organism, the Met motifs 
can vary between MxM, MxxM, and MxMxM, but are generally found as 
repeat motifs at the amino terminus. Sequences that are rich in cysteine and 
histidine can be found at the carboxy terminus which is thought to be in 
the cytosol (Puig and Thiele 2002, Dumay et al. 2006). In addition to yeast, 
copper transporters (Ctr) are found in a wide variety of eukaryotic organ- 
isms ranging from plants to mammals, including Arabidopsis (COPT family) 
(Sancenon et al. 2003). 

A second group of membrane transporters is a diverse superfamily of 
P-type ATPases found in virtually every kind of organism. The mem- 
brane transporters that comprise this large group are categorized by 
their ion specificity (Axelsen and Palmgren 2001, Kuhlbrandt 2004). The 
heavy-metal-associated (HMA) family of ion transporters is classified in 
the Pjg -type ATPased sub-family. This group is predicted to have eight 
transmembrane domains with a large cytosolic loop between the sixth and 
seventh transmembrane domain (Figure 13.1B) (Williams et al. 2000, Hall 
and Williams 2003). There is a heavy metal binding domain at the amino 
and/or carboxy termini as well as a CPx motif in the sixth transmembrane 
domain that is thought to function in ion transduction (Williams and Mills 
2005, Arguello et al. 2007). Another conserved sequence is DKTGT, found 
in the large cytosolic loop, which is the site of phosphorylation. Once a 
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FIGURE 13.1 

Schematic diagrams showing the Ctr family of transporters in yeast (Panel A) and the HMA 
family of Pig-type ATPase transporters in Arabidopsis (Panel B). 



metal binds to the transporter, ATP is utilized for phosphorylation that 
changes the conformation of the protein resulting in the translocation of an 
ion across the membrane (Arguello et al. 2007). The P-type ATPase super- 
family fransporters are nof only found on cell membranes but also within 
the cell in organelle membranes, specifically fhe Golgi complex and fhe 
chloroplasf. 

Lastly in Gram-negative bacteria, there is an efflux pump used to trans- 
port copper out of cells. The four-component pump found in Escherichia coli 
spans fhe inner membrane, periplasm, and oufer membrane. Since E. coli is 
fhoughf to diffuse Gu(I) fhrough ifs cell membrane, fhese bacteria have most 
likely evolved this periplasmic export system as a defense fo copper foxicity 
(Rensing and Grass 2003). 

In addition to transporters, organisms also have proteins that shuttle 
Gu(I) from one place to another within the cell, called metallochaperones. 
Unlike other chaperones, these proteins do not aid in protein folding (Pufahl 
et al. 1997). Instead, metallochaperones for copper (referred to as copper 



270 



Environmental Contamination 



FIGURE 13.2 

Ribbon model of an ATX-like copper chaperone depicting a 
typical pappap (ferredoxin-like) fold. Model was made using 
SWISS-MODEL and DeepView/Swiss-PbdViewer software. 
(Guex, N. and Peitsch, M.C., Electrophoresis, 18, 2714, 1997; 
Peitsch, M.C., Bio/Technology, 13, 658, 1995; Schwede, T. et al., 
Nucl. Acids Res., 31, 3381, 2003.) 




chaperones from this point forward) are small, low molecular weight, intra- 
cellular proteins that carry Cu(I) (or other metal ions) from one target to 
another (Harrison and Dameron 1999). It is believed that copper chaperones 
are highly target-specific, always trafficking Cu(I) to and from particular 
proteins (O'Halloran and Culotta 2000). The crystal structure of the yeast 
ATXl (Antioxidantl) chaperone shows a (laPPaP (ferredoxin-like) fold that 
is a conserved pattern among ATXl homologs as well as some other copper 
homeostasis proteins including Pig-type ATPase transporters (Figure 13.2) 
(Rosenzweig et al. 1999, Rosenzweig and O'Halloran 2000). Most ATX-like 
copper chaperones contain a putative metal binding motif, CxxC, near or 
in the first alpha helix (Pufahl et al. 1997, Huffman and O'Halloran 2001). 
Another type of copper chaperone is the CCS protein that has been found 
in yeast, insects, plants, and humans that functions to transport copper to 
cellular SOD enzymes (Culotta et al. 1997, 2006). Crystallographic struc- 
ture analyses of CCS proteins indicate that it consists of three domains: an 
ATX-like domain (domain I), a SOD-like domain (domain II), and a unique 
domain (domain III) (Lamb et al. 1999, 2000, Hall et al. 2000). A CxxC metal 
binding sequence is present in the amino terminal, ATX-like domain of this 
copper trafficking protein (Lamb et al. 1999). 

The third major group of copper homeostasis proteins is metallothioneins 
which are small, cysteine-rich proteins that have been found in a variety of 
different organisms. Even though these proteins are relatively small their 
sequence can contain up to 30% cysteine residues (Kagi et al. 1979). Some 
metallothioneins are able to bind approximately 12 copper ions, 6 in the [3 
domain and 6 in the a domain (Nielson and Winge 1984). With this high 
binding capacity for copper, metallothioneins have the potential to sequester 
a large amount of excess metal in the cell. Arabidopsis contains four genes 
encoding metallothioneins that comprise two groups classified based on 
their structure, MTl and MT2 (Zhou and Goldsbrough 1994). There is some 
evidence that increased mRNA levels of MT2 are correlated with copper tol- 
erance in some ecotypes of Arabidopsis (Murphy and Taiz 1995). Experimental 
data, using GUS fusion analysis, suggest that metallothioneins in Arabidopsis 
have specific function. The gene promoters, MTla and MT2b, are involved in 
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copper transport in the phloem, while MT2a and MTS sequester excess metal 
ions in mesophyll cell and root tips (Guo et al. 2003). 

Metal-Related Interactions and Specificity 

Metal binding sequences generally include cysteine and/or histidine resi- 
dues in the following motifs: CxxC, CCxSE, His-rich (including Hx and H 
repeats), Cys-rich, and Cys/His-rich (Arnesano et al. 2002, Arguello et al. 
2007). This is especially true for Pig-type ATPase transporters, but these 
motifs can also be found in copper chaperones and metallothioneins. Several 
protein-protein interactions between these transporters and copper chaper- 
ones have been observed using yeast 2-hybrid assays as well as biochemical 
metal transfer assays (Huffman and O'Halloran 2000, Tottey et al. 2002, van 
Dongen et al. 2004, Andres-Colas et al. 2006). The Pig-type ATPase subgroup 
of transporters is further divided into two different groups based on the puta- 
tive heavy metals they are hypothesized to transport. The first group is the 
Zn^+/Co^+/Cd^+/Pb^+ ion transporters and consists of HMAl, HMA2, HMA3, 
and HMA4 in Ambidopsis; while the second group includes HMA5, PAAl 
(HMA6), RANI (HMA7), and PAA2 (HMA8) and is thought to transport 
Cu2+/Ag2+ ions (Axelsen and Palmgren 1998, 2001). These two groups were 
originally developed based on sequence and phylogenetic analysis with the 
transporters in the Zn group containing histidine rich regions in the amino 
and/or carboxy termini areas of the proteins, whereas the transporters in 
the Cu group have one or two MxCxxC heavy metal binding domains in 
their amino terminus region. There has been a significant amount of experi- 
mental data that supports the classification of these two groups; however, 
more recently there has been some implication that HMAl could be a copper 
transporter rather than a Zn transporter as hypothesized (Seigneurin-Berny 
et al. 2006). The protein sequence of HMAl is slightly different from HMA2, 
3, and 4 in that the histidine rich region is in the amino terminus and it has a 
rather short carboxy terminus. These differences between the HMAl trans- 
porter and others in the Zn or Cu groups have created much dispute over the 
function of this protein. 

Metal specificity seems to rely on both positions of conserved amino acid 
residues as well as the conformational structure of each protein. Recently, 
it has been suggested that sequences within the sixth, seventh, and eighth 
transmembrane domains in the Pjg-type ATPase transporters contrib- 
ute to metal specificity (Arguello et al. 2007). Copper ions have an affin- 
ity to bind to sulfur or nitrogen ligands in histidine, methionine, and/or 
cysteine amino acids. This is true in plastocyanin where copper is bound 
to two nitrogen ligands in two histidine residues and two sulfur ligands, 
one in each cysteine and methionine (Figure 13. 3A) (Bhattacharya 2005). 
In copper trafficking proteins that have a conserved MxCxxC heavy metal 
binding domain, copper coordination is theorized to be isolated to two sul- 
fur ligands in the two cysteine residues (Figure 13. 3B) (Rosenzweig and 
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FIGURE 13.3 

Diagrams depicting copper coordinating sites in the blue copper binding protein, plastocyanin 
(A), and possible copper binding sites in copper transporters and chaperones containing an 
MxCxxC heavy metal domain (B). 



O'Halloran 2000). Structure analysis of the yeast ATXl bound with Hg(II) 
and a domain of the Menkes disease protein (Mnk4) bound with Ag(I) indi- 
cate that the conserved methionine residue is not in close enough proximity 
to interact with the metal ion (Gitschier et al. 1998, Rosenzweig et al. 1999). 
In yeast 2-hybrid experiments it has been observed that when several con- 
served lysine residues located near the MxCxxC domain are mutated in the 
yeast ATXl copper chaperone it loses interaction with the Ccc2 transporter 
(Portnoy et al. 1999). This implies that these lysines are necessary for fhe two 
proteins to interact with each other or alters the conformation of the metal 
binding pocket. 



Copper Transport Proteins across Heterotrophic Models 

Since many aspects of copper homeostasis are conserved across organisms, 
the following secfions are a review of whaf is known abouf copper fraffick- 
ing across selecfed model systems: bacteria, yeast, cyanobacteria, and plants. 
For a complete list of copper frafficking profeins and fargefs in fhese various 
organisms, please refer fo Tables 13.1 through 13.4. 



Bacterial Copper Transport Mechanisms 

Many of the transporters, copper chaperones, and target enzymes for cop- 
per presenf in E. coli can be found in other prokaryotes, as well as more 
complex eukaryotic systems. Enterococcus hirae is one model organism for 
researching copper fransporf in a prokaryofic system, as a result it is vastly 
studied and well understood (Lu et al. 2003, Solioz and Stoyanov 2003, 
Magnani and Solioz 2005). These Gram-positive bacteria contain two P-type 
ATPase transporters, located in the plasma membrane, that function in 
copper transport (Figure 13.4A) (Odermatt et al. 1993, 1994). The expression 
of bofh CopA and CopB fransporfers are inducible under high exfracellular 



List of Copper Trafficking Proteins in Bacterial Models 
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List of Copper Trafficking Proteins in Photosynthetic Cyanobacteria 



Copper Transport- 
Related Proteins 


Cellular 

Location 


Function 


Homologs 


References 


Cyanobacteria 
Synechocystis 
Copper Import 
FutAl 
FutA2 


Periplasm 

Periplasm 


Aids in Cu import 
Aids in Cu import 




Katoh et al. 
(2001a,b), 
Waldron 
et al. (2007) 


P-type ATPase 
Transporters 
CtaA 

PacS 


Plasma 

membrane 

Thylakoid 

membrane 


Cu(I) influx 
Cu(I) influx 


PAAl 

{A. thaliana) 
PAAl 
{A. thaliana) 


Phung et al. 

(1994) 
Kanamaru 
et al. (1994) 


Cu Metallochaperones 
Atxl 


Cytoplasm 


Transports Cu(I) 
from cell 
membrane to 
thylakoid 
membrane 


Atxl 

(S. cerevisae) 
Atxl 

{A. thaliana) 
CCH 

{A. thaliana) 


Tottey et al. 
(2002) 


Targets for Cu(I) 

PC (Plastocyanin) 

CO (Cytochrome 
oxidase) 


Thylakoid 

Thylakoid 


Electron transport 
in photosynthesis 
Electron transport 
in respiration 







copper concentrations; however, CopB mutants show significantly increased 
cellular copper levels (Odermatt et al. 1994). This suggests that CopA is an 
ion importer, while CopB functions as an efflux mechanism. Infracellular 
levels of copper are regulafed by a cop operon fhaf consisfs of four genes: 
copA, copB, copy, copZ. The genes copA and copB encode fhe fwo copper frans- 
porfers, while copY acfs as a repressor and copZ funcfions as an acfivafor 
(Odermaff and Solioz 1995). Alfhough currenfly unknown, if is fhoughf fhaf 
Enterococcus hirae confains an exfracellular reducfase fo converf Cu(II) fo Cu(I) 
for cellular upfake of copper. Once copper enfers fhe cell fhrough fhe CopA 
fransporfer, a copper chaperone called CopZ shuffles Cu(I) fo CopY, a fran- 
scripfional repressor (Odermaff and Solioz 1995, Sfrausak and Solioz 1997). 
The currenf model for copper regulafion can be summarized as follows: 
when zinc is bound fo CopY if represses franscripfion of fhe cop operon; how- 
ever, if CopZ delivers copper fo CopY, fhe repressor disassociafes from fhe 
promofer allowing franscripfion fo occur (Cobine ef al. 1999, Magnani and 




TABLE 13.4 
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CCH Cytoplasm Interacts with RANI and HMA5 Atxl (S, cerevisae) Andres-Colas et al. (2006), 

Atxl (Synechocystis) Himelblau et al. (1998) 

ATXl Cytoplasm Interacts with RANI and HMA5 Atxl (S. cerevisae) Himelblau et al. (1998), Puig 

Atxl (Synechocystis) et al. (2007) 

CCP Chloroplast Function unknown Burkhead and Colorado State 
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FIGURE 13.4 

Illustrations of copper homeostasis in two bacterial models. Enterococcus hirae (Panel A) and 
E. coli (Panel B) (white rectangles symbolize copper reductases, gray rectangles are copper 
transporters, and white circles represent copper targets). 



Solioz 2005). Structural analysis of the CopZ chaperone, via NMR spectros- 
copy, shows that in addition to the typical metal binding domain (MxCxxC) 
this protein exhibits a PaPPaP ATX-like folding pattern (Wimmer et al. 1999). 

A second prokaryotic model for studying copper transport is the bacteria 
E. coli. While copper homeostasis is not well-known in these Gram-negative 
bacteria, targets for copper include a Cu,Zn SOD in the periplasm (Benov 
and Fridovich 1994, Gort et al. 1999) as well as cytochrome bo^ that is classi- 
fied as a heme-copper oxidase (Figure 13.4B) (Osborne et al. 1999). Although 
there is the requirement of copper for proper function of these enzymes, 
most of the components that make up the known copper trafficking system 
in E. coli function in detoxification. Gopper (II) ions seem to pass through 
the outer membrane via porins and are then reduced to Gu(I) by the cop- 
per reductase NDH-2 (Rapisarda et al. 1999, 2002). Copper, as Cu(I), can then 



Handling Copper 



281 



perhaps diffuse fhrough fhe cytoplasmic (inner) membrane (Beswick ef al. 
1976). The P-fype ATPase fransporfer, CopA, is located in fhe inner mem- 
brane and funcfions as an efflux fransporfer, detoxifying fhe cyfoplasm 
from copper ions (Rensing ef al. 2000). Also located in fhe periplasm is a 
mulfi-copper oxidase, CueO, fhaf has similarly been demonsfrafed to aid 
in copper defoxificafion (Grass and Rensing 2001). The expression of bofh 
fhe CopA and CueO proteins are regulafed by a cytoplasmic copper sensing 
protein called CueR (Ouffen ef al. 2000, Sfoyanov ef al. 2001). Anofher efflux 
mechanism for copper is a four-componenf pump, CusCFBA, which spans 
fhe inner membrane, periplasm, and oufer membrane (Munson ef al. 2000, 
Franke ef al. 2003). Expression of fhis pump, in parf, is regulafed by a fwo- 
componenf signal fransducfion sysfem (cusRS), fhaf involves a membrane 
bound hisfidine kinase (CusS) and a cyfoplasmic response regulator (CusR) 
(Munson ef al. 2000). The CusF consfifuenf of fhe efflux pump is a copper 
chaperone found in fhe periplasm fhaf can fraffic Cu(I) fo fhe CusCBA chan- 
nel for removal fhrough fhe oufer membrane (Franke ef al. 2003). 



Eukaryotic Model for Copper Regulation: Saccharomyces Cerevisae 

With the presence of internal organelles, yeast and plants have a similar 
copper regulatory system which includes several direct homologs. Yeast has 
a copper reductase protein complex, Frel/Fre2, that is located extracellu- 
larly to reduce Cu(Il) to Cu(I) for uptake (Figure 13.5) (Hassett and Kosman 
1995, Georgatsou ef al. 1997). A total of three Ctr (Copper transporter) pro- 
teins have been discovered in yeast. Two of these transporters, Ctrl and 
Ctr3, are located in the plasma membrane and data suggest that they are 




FIGURE 13.5 

Copper trafficking proteins and pathways in Saccharomyces cerevisae (solid line depicts inter- 
actions demonstrated through experimental data, white rectangles symbolize copper reduc- 
tases, gray rectangles are copper transporters, white circles represent copper targets, and 
white hexagons are metallothioneins). 
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high affinity Cu(I) importers (Dancis et al. 1994, Knight et al. 1996). The 
CTRl, CTR3, and FREl genes are under the regulation of the copper-sens- 
ing MACl transcriptional factor (Georgatsou et al. 1997, Labbe et al. 1997, 
Yamaguchi-lwai et al. 1997, Zhu et al. 1998). Copper deprivation induces a 
signal transduction system in which MACl binds to the promoter elements 
of the copper reductase and copper transporter genes starting transcription 
(Yamaguchi-lwai et al. 1997). 

The cellular localization of the Ctr2 transporter has been debated in the 
past; however, recent evidence indicates that it is incorporated into the 
vacuolar membrane where it releases copper back into the cytosol when 
concentrations are critically low (Kampfenkel et al. 1995, Portnoy et al. 2001, 
Rees et al. 2004). In addition to the Ctr family of transporters S. cerevisae has 
a P-type ATPase transporter, Ccc2, located in the Golgi (Yamaguchi et al. 
1996) and is thought to translocate copper into the endomembrane system. 
The ATXl (Antioxidantl) protein has been identified as the cytosolic copper 
chaperone for the Ccc2 transporter (Lin et al. 1997, Yuan et al. 1997). Iron 
metabolism has been linked to copper homeostasis in yeast through a cop- 
per requiring oxidase, Fet3, needed for ferrous iron uptake that is the target 
for copper in the endomembrane system (Dancis et al. 1994, De Silva et al. 
1995, Yuan et al. 1995, Askwith et al. 1996). 

Copper transport to the mitochondrion for integration into cytochrome 
c oxidase (Cco) in yeast has been highly studied, although it is not yet 
fully understood. Two putative chaperones, Coxl7 and Coxl9, have been 
implicated in cytosolic transport because of dual localization to the cyto- 
plasm and intermitochondrial membrane space (Beers et al. 1997, Nobrega 
et al. 2002). However, due to biochemical and mutant analysis both pro- 
teins have been eliminated as the chaperones for mitochondrial shuttling 
(Cobine et al. 2006). As a result, it is currently unknown which protein is 
responsible for copper delivery to the mitochondrion. Once copper is in the 
intermitochondrial membrane space several proteins are required to work 
in concert to incorporate the ions into Cco. The existing model is, Coxl7 
donates copper to Scot and Coxll (Horng et al. 2004), which then results 
in the integration of copper into the Cu^ site in Cox2 subunit and Cug site 
in the Coxl subunit of cytochrome oxidase, respectively (Riser et al. 2000, 
Balatri et al. 2003). 

Lastly, the CCS copper chaperone is the protein for ion shuttle to a copper- 
requiring SOD (SODl) (Schmidt et al. 1999a,b). In addition to the cytosol, a 
small fraction of both SODl and CCS can be found in the intermitochondrial 
space even though there is no presequence for targeting to the mitochondria 
(Sturtz et al. 2001). Yeast also contain two known metallothionein-like pro- 
teins, Cupl and Crs5, which can sequester excess copper thereby decreasing 
cell toxicity (Karin et al. 1984, Culotta et al. 1994). Whereas the sequence 
homology between the Crs5 peptide and mammalian metallothioneins is 
high, there is little homology between the Crs5 and Cupl proteins (Culotta 
et al. 1994). A transcriptional regulator, Acel, has been identified that can 
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activate transcription of Cupl and Crs5 metallothioneins (Thiele 1988, 
Culotta et al. 1994), as well as the SODl enzyme (Gralla et al. 1991) in the 
presence of copper. 



Copper Transport Proteins across Autotrophic Models 

Copper Transport in Photosynthetic Cyanobacteria and Algae 

The photosynthetic machinery and process in cyanobacteria is similar to 
plants, especially under sufficient copper conditions. Therefore, studying 
the mechanisms and regulation of copper within cyanobacteria can help to 
understand chloroplastic homeostasis in higher plants. Cyanobacteria con- 
tain internal thylakoid membranes, which are the site of electron transport. 
There are two major targets for copper within cyanobacteria, plastocyanin 
(PC) and cytochrome oxidase (CO), which are both found in the thylakoid 
(Figure 13.6) (Dworsky et al. 1995, Kerfield and Krogmann 1998). In an envi- 
ronment deprived of copper, some cyanobacteria can use the iron contain- 
ing cytochrome Cg protein as a terminal electron acceptor in photosynthesis 
instead of the copper-requiring protein plastocyanin (Zhang et al. 1992). 
Copper is transported through the cell membrane and the thylakoid mem- 
brane by two P-type ATPases called CtaA and PacS, respectively (Kanamaru 
et al. 1994, Phung et al. 1994). A copper chaperone similar to the yeast ATX 
protein has been identified in the model organism Synechocystis PCC 6803 
that interacts in bacterial 2-hybrid experiments with both P-type ATPase 
transporters (Tottey et al. 2002). This suggests that once copper enters the 
cell through CtaA it is shuttled to PacS via ATXl in the cytoplasm, for plasto- 
cyanin or cytochrome oxidase targets. 




FIGURE 13.6 

Copper homeostasis in the cyanobacterial model, Synechocystis (solid line depicts interactions 
demonstrated through experimental data, gray rectangles are copper transporters, and white 
circles represent copper targets). 
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Chlamydomonas is a highly studied unicellular, flagellate, green alga. Cells of 
Chlamydomonas contain one large chloroplast that has similar photosynthetic 
machinery as higher plants. There are three target enzymes that require cop- 
per for proper f uncfion in Chlamydomonas, cytochrome oxidase, plasfocyanin, 
and mulficopper oxidases involved in iron acquisifion (Merchanf ef al. 2006). 
If has been proposed fhaf copper reducfases work in concerf wifh a copper 
fransporfer to imporf fhe mefal info cells. A COPTl fransporfer profein has 
been idenfified in Chlamydomonas which is similar fo fhe Arabidopsis COPTl 
(Hanikenne ef al. 2005). In addifion, fhis organism confains fhree differenf 
HMA fransporfers (HMAl, HMA2, and HMA3). The HMAl profein is simi- 
lar fo fhe Arabidopsis HMAl, while HMA2 and HMA3 clusfer wifh Pjg-fype 
ATPases fhaf are copper fransporfers, such as RANI in planfs (Hanikenne 
ef al. 2005). Alfhough copper is an essenfial micronufrienf, ion fransporf in 
fhis organism is nof well understood. Recenfly, microarray analysis has been 
implemented fo invesfigafe gene franscripfion responses fo external copper 
concenfrafions in Chlamydomonas. In addifion fo genes involved in mefabolic 
processes, sfress-relafed and infracellular proteolysis genes were greafly 
affecfed by copper concenfrafions (Jamers ef al. 2006). 



Copper Homeostasis in Higher Plants Using Arabidopsis as a Model 

Arabidopsis is a model organism for planf systems fhaf is widely used in 
genefic and molecular invesfigafions. Reasons for ifs use as a model include, 
a sequenced genome, shorf life cycle, and if is relafively easy fo cross and 
mufafe. Planfs are complex, mulficellular organisms fhaf fransporf essenfial 
micronufrienfs, like copper, over a long disfance fhrough organs and across 
several membranes before fhey reach fheir final desfinafion in fargef profeins. 

Copper enfers fhrough fhe cell membrane from fhe apoplasf by a Cfr-like 
fransporfer called COPTl (Kampfenkel ef al. 1995), and is eifher sequesfered 
or frafficked fo fargefs by copper chaperones (Figure 13.7). The COPTl pro- 
fein and ifs four homologs are expressed in sfems, flower, leaf, as well as 
roof fissue (Sancenon ef al. 2003) and COPTl anfisense planfs show abnor- 
malifies in pollen formafion and increased roof lengfh (Sancenon ef al. 
2004). This analysis suggesfs fhaf COPTl may play a role in copper upfake 
in fhe roofs from surrounding environmenf. Liffle work has been done on 
fhe ofher profeins in fhe COPT family wifh localizafions of profeins and 
molecular characferizafions of mufanfs pending. 

Arabidopsis confains fwo differenf cyfosolic ATX-like copper chaperones, 
CCH and ATXl (Himelblau ef al. 1998, Puig ef al. 2007). Bofh profeins are 
funcfional homologs of fhe yeasf ATXl and have been shown fo inferacf 
wifh fhe P-fype ATPases, RANI in fhe Golgi membrane (Puig ef al. 2007) 
and HMA5 in fhe plasma membrane (Andres-Colas ef al. 2006). The RANI 
(responsive-fo-anfagonisfl) fransporfer is a homolog of fhe yeasf Ccc2 pro- 
fein and funcfions fo franslocafe copper info fhe endomembrane sysfem were 
if is required for efhylene signaling (Hirayama ef al. 1999, Hirayama and 
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FIGURE 13.7 

Copper transport pathways in Arabidopsis thaliana (solid lines depict interactions demonstrated 
through experimental data, dashed lines are hypothetical pathways, gray rectangles are cop- 
per transporters, and white circles represent copper target. 



Alonso 2000). Similar to RANI, the HMA5 membrane transporter is highly 
expressed in roots and flowers, but based on mutant analysis the function 
seems to be copper detoxification in the roots (Andres-Colas et al. 2006). 

Copper chaperones that are responsible for ion fransporf fo fhe mifo- 
chondrion for cytochrome c oxidase are currenfly unknown. However, 
a homolog fo fhe yeasf Coxl7 protein has been found in Arabidopsis fhaf 
may play a role in mitochondrial copper delivery (Balandin and Casfresana 
2002). Arabidopsis confains fhree Cu,Zn SOD enzymes locafed in fhe cytosol 
(CSDl), sfroma (CSD2), and peroxisome (CSD3). Planfs possess a homolog of 
fhe yeasf CCS, also called CCS fhaf is fhe copper chaperone for SOD. There 
is only one CCS gene in Arabidopsis- however, if has been suggesfed fhaf 
several sfarf sifes for franscripfion of fhe gene resulf in differenf subcellular 
locafions (Abdel-Ghany ef al. 2005a, Chu ef al. 2005). 

Wifhin Arabidopsis chloroplasfs fhere are fwo P-fype ATPases similar fo 
fhe RANI fransporfer. The oufer membrane of fhe chloroplasf is porous and 
many ions, including copper perhaps, can diffuse readily fhrough if. One 
of fhe P-fype ATPases, PAAl, has been localized fo fhe membrane (inner) 
of fhe chloroplasf (Shikanai ef al. 2003). The second fransporfer, PAA2, has 
been localized using GPP (Green Fluorescenf Protein) fo fhe fhylakoid mem- 
brane (Abdel-Ghany ef al. 2005b). The PAAl and PAA2 profeins are func- 
fional homologs of fhe GfaA and PacS, respecfively, in cyanobacteria. Bofh 
of fhe PAA fransporfers confain a heavy mefal binding mofif, MxGxxG, af 
fhe N-ferminal domain of fhe pepfide along wifh fhe chloroplasfic fransif 
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sequence. Although paal mutants show a decrease in growth rate due to 
impairment of photosynthetic activity, it is not a lethal mutation (Shikanai 
et al. 2003). As a result of fhis phenofype, if is fhoughf fhaf copper can enfer 
fhe chloroplasf membrane fhrough an alfernafe roufe. Recenfly, anofher 
P-fype ATPase, HMAl, has been localized fo fhe chloroplasfic membrane 
and if has been implicafed as an alfernafe copper fransporfer for SOD acfiv- 
ify (Seigneurin-Berny ef al. 2006). 

In addifion fo fhe Cu, Zn SOD in fhe sfroma, fhe chloroplasf has a sec- 
ond more imporfanf fargef for copper, plasfocyanin. Under varying cop- 
per condifions, fhe planf musf balance regulafion of copper fo bofh of fhese 
fargefs wifhin fhe chloroplasf. Obviously, phofosynfhefic acfivify will have 
a higher priorify for acquiring copper, buf fhe regulators for fhis homeo- 
sfafic mechanism are unknown. Through GPP analysis, fhe CCS protein has 
been localized fo fhe sfroma (Abdel-Ghany ef al. 2005a) and addifionally 
fwo ofher pufafive copper chaperones have been localized fo fhe chloroplasf 
(Burkhead ef al. 2003, Burkhead and Colorado Sfafe Universify 2003). The 
pufafive chaperone, CCP (Copper Chaperone for fhe Plasfid), is somewhaf 
similar fo fhe bacterial CopZ and ATXl proteins in sequence and has an 
ATX-like PaPPaP fold. However, CCP does nof confain a fypical mefal bind- 
ing domain (MxCxxC); insfead if has a series of serine repeafs (Burkhead 
and Colorado Sfafe Universify 2003). The funcfion of fhis protein is cur- 
renfly unknown; however, one hypofhesis is fhaf if could be fhe chaperone 
for plasfocyanin (Burkhead and Colorado Sfafe Universify 2003). The second 
pufafive copper chaperone, Cuf A, also does nof have a sfereofypical mefal 
binding site; however, fhere is sequence similarify fo a copper-related pro- 
fein in E. coli by fhe same name. This protein is expressed in all major planf 
fissues af similar levels and purified recombinanf protein of fhe Arabidopsis 
Cuf A has been shown fo bind Cu(II) af a level of nearly one mole copper per 
one mole of protein (Burkhead ef al. 2003). 

The chloroplasf is a complex organelle and has several membranes for 
copper fo fransverse across. Even fhough fwo of fhe five fargef proteins for 
copper are locafed in fhe chloroplasf, fransporf fo fhe organelle and wifhin 
are sfill nof well understood. No copper chaperone has been idenfified for 
fransporf fo PAAl in fhe chloroplasf membrane or fo PAA2 in fhe fhylakoid 
membrane for plasfocyanin. 
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Introduction 

The element selenium (Se) is chemically similar to sulfur (S). Eor this rea- 
son plants and other organisms mistakenly take up and metabolize Se via 
S transporters and biochemical pathways. This can cause toxicity due to a 
combination of (1) oxidative stress caused directly by selenocompounds and 
(2) replacement of S by Se in proteins and other S compounds, which disrupts 
their function. On the other hand, Se is an essential trace element for many 
organisms, including mammals, many bacteria, and certain green algae 
(Stadtman 1990, 1996, Eu et al. 2002). Eor higher plants, Se has been reported 
to be a beneficial nutrient, but it has not been shown to be essential (Gartes 
et al. 2005, Djanaguiraman et al. 2005, Hartikainen 2005, Lyons et al. 2009, 
Pilon-Smits et al. 2009). Organisms that require Se produce essential proteins 
that contain selenocysteine (SeGys) in their active site. To date, no selenopro- 
teins have been confirmed to exist in higher plants (Novoselov et al. 2002). 
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Selenoproteins have antioxidant or other redox functions, which is why Se 
deficiency offen enhances fhe probabilify of developing cancers or viral 
infecfions; diseases associafed wifh Se deficiency include Keshan disease 
and male inferfilify in humans, and while muscle disease in livestock 
(Whanger 1989, Ellis ef al. 2004, Diwadkar-Navsariwala ef al. 2006, While and 
Broadley 2009). There is a relafively narrow window befween fhe amounf 
of Se required as a nufrienf and fhe amounf fhaf is toxic, and hence, Se defi- 
ciency and foxicify are bofh common problems worldwide (Terry ef al. 2000). 
As an illusfraf ion, daily infake of 50 pg Se is recommended for humans, buf 
long-term infake of 10 limes higher levels may lead fo chronic Se poisoning. 
The one-fime ingesfion of plan! material confaining 1000 mg/kg dry weigh! 
(dry wf.) or more Se can even lead fo acute Se poisoning and deafh (Draize 
and Beafh 1935, Rosenfeld and Beafh 1964, Wilber 1980). Such high Se levels 
(1,000-10,000 mg/kg dry wf.) occur in so-called hyperaccumulafor plan! spe- 
cies fhaf are endemic on seleniferous soils in fhe Western Unifed Slates and 
parfs of China where Se is nafurally presenf. Human and livestock Se poison- 
ing, bofh chronic and acute, are serious problems in fhese seleniferous areas 
(Ohlendorf ef al. 1986, Harris 1991, Kabafa-Pendias 1998, Terry ef al. 2000). 

Higher planfs readily fake up selenafe or selenite from fheir environmenf 
and incorporate if info organic compounds using S fransporfers and S assim- 
ilafion enzymes. In shorf, inorganic selenafe is faken up and reduced fo sel- 
enite, fhen selenide, and combined wifh O-acefylserine (OAS) fo form SeCys. 
This seleno-amino acid can be nonspecifically incorporafed info profeins in 
fhe place of Cys, leading fo foxicify. SeCys can also be converted fo seleno- 
mefhionine (SeMef), which also can be misincorporafed info profeins. SeMef 
can also be converfed fo volafile dimefhylselenide (DMSe) (Lewis ef al. 1966, 
Hansen ef al. 1998). Furfhermore, SeCys can be broken down fo elemenfal 
Se and alanine (Pilon ef al. 2003). Elemenfal Se is insoluble and relafively 
innocuous. SeCys can also be mefhylafed fo form mefhyl-SeCys, which can 
be safely accumulafed since if is nof incorporafed info profeins (Neuhierl 
ef al. 1999). Mefhyl-SeCys can also acf as a precursor for fhe producfion of 
anofher form of volafile Se, dimefhyldiselenide (DMDSe) (Terry ef al. 2000, 
Sors ef al. 2005). This is fhe main volafile form of Se emitted by hyperaccu- 
mulafor species. 

The capacify of planfs fo accumulate, mefabolize, and volafilize Se is 
all useful for Se phyforemediafion. Soil or wafer rich in Se, eifher nafu- 
rally or due fo human acfivifies (e.g., mining, oil refining, agriculfure), 
may be cleaned up using planfs, which may eifher release fhe Se info 
fhe afmosphere in relafively nonfoxic volafile form and/or accumulafe 
if in fheir harvesfable fissues. If Se is fhe only pollufanf presenf, fhe use 
of Se-accumulafing planfs for phyforemediafion may produce a value- 
added crop fhaf may be sold, offsetting fhe phyforemediafion cosfs. Some 
selenocompounds have parficularly pofenf anficarcinogenic properfies 
(Unni ef al. 2005), e.g., mefhyl-SeCys. Examples of plan! species fhaf accu- 
mulafe fhis compound are fhe crop species broccoli and garlic, and fhe 
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hyperaccumulator species two-grooved milkvetch (Astragalus bisulcatus) 
and prince's plume (Stanleya pinnata). 

Plants known to accumulate high levels of S compounds, such as many 
Brassica and Allium genera (mustards and cabbages, onion and garlic), also 
are good Se accumulators. These S-loving species accumulate Se to fairly 
high levels (0.1% of dry wf . or 1000 mg Se/kg dry wf.) when supplied wifh 
adequafe exfernal Se levels, and have been called accumulator species. Se 
accumulator species likely do nof have Se-specific pafhways buf fake up and 
mefabolize Se and S indiscriminately af elevafed rafes compared fo nonac- 
cumulafors. Se hyperaccumulafors are found in fhe families Brassicaceae, 
Fabaceae, and Asferaceae and fypically accumulate Se fo levels 100-fold 
higher fhan surrounding vegefafion in fhe field (Beafh ef al. 1939a,b). Since 
hyperaccumulafors preferenfially fake up Se over S and show differenf paf- 
ferns for fhese fwo elemenfs in terms of seasonal flucfuafions and fissue 
disfribufion, fhey likely are able fo disfinguish befween S and Se (Galeas 
ef al. 2007, Whife ef al. 2007). Hyperaccumulafors accumulafe Se up fo 1% 
of fheir dry weighf (10,000 mg Se/kg dry wf.) from soil fypically confain- 
ing 2-10 mg Se/kg wifhouf suffering any foxicify (Neuhierl and Bock 1996, 
Neuhierl ef al. 1999, Persans and Saif 2000, Ellis ef al. 2004, LeDuc ef al. 2004). 
Se hyperaccumulafors are endemic fo seleniferous soils and fhus appear fo 
physiologically or ecologically require Se. Perhaps hyperaccumulafors need 
Se as a defense compound againsf herbivores or pafhogens, as discussed 
in more defail later. If has also been suggesfed fhaf Se may be essenfial for 
hyperaccumulafor physiology, since hyperaccumulafors grow much beffer 
in fhe presence of Se fhan wifhouf if (more fhan fwofold higher biomass 
producfion in some experimenfs). However, fo dafe fhere is no proof fhaf 
hyperaccumulafors or any higher planfs require Se fo complete fheir life 
cycle. The posifive growfh response of hyperaccumulafors fo Se may also 
be due fo alleviafion of phosphorus foxicify, which is much less pronounced 
when planfs are grown af lower phosphorus levels (Broyer ef al. 1972). In fhe 
following fexf, we give an overview of Se mefabolism in planfs in nonhyper- 
accumulafors and hyperaccumulafors. 



Se Metabolism in Plants 

The predominant forms of Se in the environment are inorganic selenate 
and selenite. Selenate, or Se(Vl), is the most oxidized form of Se and the pre- 
dominant bioavailable form in oxic soils, while selenite, or Se(lV), is more 
abundant in (more anoxic) wetland conditions. In addition, inorganic ele- 
mental Se, Se(0), can become dominant under reducing, anoxic conditions. 
Both selenate and selenite are bioavailable and readily taken up by plants. 
Selenate is taken up and mobilized in plants by means of sulfate-proton 
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FIGURE 14.1 

Overview of genetic engineering approaches that have been used successfully to enhance 
plant Se tolerance, accumulation, and/or volatilization. 



cotransporters (Smith et al. 1995, Leustek 1996, Yoshimoto et al. 2002, 2003, 
Hawkesford 2003, Maruyama-Nakashita et al. 2004). Selenate assimilation 
takes place predominantly in the leaf chloroplasts (Pilon-Smits et al. 1999). 
Most plants supplied with selenate accumulate predominantly selenate, 
while plants supplied with selenite accumulate organic Se, suggesting that 
the reduction of selenafe fo selenife is a rafe-limifing sfep in fhe Se assimi- 
lafion pafhway (de Souza ef al. 1998). The conversion of selenafe fo selenife 
is mediafed by fwo enzymes (Figure 14.1). ATP sulfurylase (APS) couples 
selenafe fo ATP, forming adenosine phosphoelenafe (APSe) (Wilson and 
Bandurski 1958). APSe is subsequenfly reduced fo selenife by APS reducfase 
(APR). The furfher reducfion of selenife fo selenide may happen exclusively 
in fhe chloroplasf if if is mediafed by sulfife reducfase, in analogy wifh 
sulfife reducfion. However, if has also been suggesfed fhaf nonenzymafic 
reducfion by reduced glufafhione (GSH) may be fhe predominanf mecha- 
nism for selenife reducfion (Anderson 1993, Terry ef al. 2000). Selenide can 
subsequenfly be coupled fo OAS fo form SeCys by means of OAS fhiol lyase 
(also called cysfeine synfhase). OAS is synfhesized by fhe enzyme serine 
acefyl fransferase (SAT) and also f uncfions as a signal molecule fhaf upreg- 
ulafes fhe acfivify of sulfafe fransporfers and sulfafe assimilafion enzymes. 

SeCys can be converfed fo SeMef by means of fhree enzymes 
(Figure 14.1). Cysfafhionine-gamma-synfhase (CgS) firsf couples SeCys fo 
O-phosphohomoserine (OPH) fo form Se-cysfafhionine. Cysfafhionine- 
gamma-lyase furfher converfs Se-cysfafhionine fo Se-homocysfeine. 
Se-homocysfeine is fhen converfed fo SeMef by Mef synfhase. SeCys and 
SeMef can also be (mis)incorporafed info profeins, replacing Cys and Mef; fhis 
is fhoughf fo be an imporfanf reason for fhe foxicify of Se. SeMef has mul- 
fiple ofher possible fafes, one of which is fo be mefhylafed via mefhionine 
mefhylfransferase (MMT). Mefhyl-SeMef can be furfher mefabolized fo vola- 
file DMSe, which is cleaved off of fhe infermediafe, dimefhylselenopropionafe 
(DMSeP), by DMSeP lyase. 
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SeCys can also be converted to elemental Se (Se(0) ), via the action of a SeCys 
lyase (SL). NifS-like enzymes with SL activity have been found in bofh chlo- 
roplasfs and mitochondria (Pilon ef al. 2003). Overexpression of fhe chloro- 
plasfic planf SL (called CpNifS) reduced incorporafion of Se info profeins and 
enhanced Se accumulafion (Van Hoewyk ef al. 2005). Whefher fhis SL acfivify 
has any funcfion in vivo is quesfionable: fhe main funcfion of fhe NifS-like 
enzymes in planfs is likely to acf as Cys desulfurases in S mefabolism, pro- 
viding elemenfal S for iron-sulfur clusfer formafion (Van Hoewyk ef al. 2007). 

Anofher possible fafe of SeCys is to be mefhylafed by SeCys mefhylfrans- 
f erase (SMT). SMT enzyme acfivify is parficularly pronounced in hyperac- 
cumulafors, and as a resulf, fhese species accumulafe Se predominanfly in 
fhe form of mefhyl-SeCys when supplied wifh selenafe, while mosf ofher 
species accumulafe selenafe (de Souza ef al. 1998, Freeman ef al. 2006b). Since 
Mefhyl-SeCys does nof enter profeins, if can be safely accumulafed, explain- 
ing in parf fhe Se folerance of hyperaccumulafors. Brassica oleracea (broccoli) 
also has an SMT enzyme, which is only expressed in fhe presence of Se (Lyi 
ef al. 2005). Thus, some Se accumulafors may use fhe same defoxificafion 
mechanism as hyperaccumulafors. Mefhyl-SeCys can be furfher converfed to 
volafile DMDSe, fhe predominanf volafile form of Se produced by Se hyper- 
accumulafors (Terry ef al. 2000, Kubachka ef al. 2007). Hyperaccumulafors 
have also been found to couple glufamafe to mefhyl-SeCys, to form gamma- 
glufamyl-mefhyl-SeCys, a major storage form of Se in hyperaccumulafor 
seeds (Freeman ef al. 2007, Kubachka ef al. 2007). The enzyme mediafing fhis 
reacfion is likely gamma-glufamylcysfeine synfhefase (ECS). In S mefabo- 
lism, fhis same enzyme funcfions in glufafhione producfion (Glu-Cys-Gly). 
Reduced glufafhione (GSH) has many redox funcfions in cells and also is a 
negafive regulator of sulfafe upfake and assimilafion. 



Manipulation of Plant Se Metabolism 
Using Genetic Engineering 

Various transgenic approaches have been used successfully to enhance Se 
accumulation, tolerance, and volatilization by plants, particularly through 
upregulation of key genes involved in S/Se assimilation and volatiliza- 
tion (Figures 14.1 and 14.2). Overexpression in Brassica juncea (Indian 
mustard) of ATP sulfurylase (APS), involved in selenate-to-selenite conver- 
sion, resulted in enhanced selenafe reduction: the transgenic APS plants 
accumulated an organic form of Se when supplied with selenafe, while 
wild-type controls accumulated selenafe (Pilon-Smits ef al. 1999). The APS 
transgenics accumulated twofold to threefold more Se than the wild type, 
and 1.5-fold more S. The APS plants also tolerated the accumulated Se bet- 
ter than wild type, perhaps because of the organic form of Se accumulated. 
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FIGURE 14.2 

Se fluxes through plants growing in a field. Plants can locally accumulate and change the 
speciation of Se in their adjacent soil. They can accumulate Se in their roots and shoots and 
assimilate inorganic to organic Se in the process. They can also volatilize Se and release it into 
the atmosphere from their roots and shoots. 



Se volatilization rate was not affected in the APS transgenics. Furthermore, 
overexpression in B. juncea of fhe firsf enzyme in fhe conversion of SeCys 
to SeMet, CgS, resulted in two- to threefold higher volafilizafion rates com- 
pared to untransformed planfs (Van Huysen ef al. 2003). The CgS frans- 
genics accumulated 40% less Se in their tissues than wild type, probably 
because of enhanced volafilizafion. The CgS fransgenics were also more Se 
foleranf fhan wild-type plants, perhaps due to their lower tissue Se levels. 

Another approach to genetically manipulate plant Se metabolism focused 
on the prevention of the toxicity caused by nonspecific SeCys incorpora- 
fion into proteins. In one study, a mouse SeCys lyase (SL) was expressed 
in Arabidopsis thaliana and B. juncea (Garifullina ef al. 2003, Pilon ef al. 
2003). This enzyme specifically breaks down SeCys into alanine and ele- 
mental Se. As expected, the SL transgenics showed reduced Se incorpora- 
tion into proteins (Pilon et al. 2003). All the transgenic SL plants showed 
enhanced Se accumulation, up to twofold compared to wild-type plants. 
Similar results were obtained when an A. thaliana homologue of fhe mouse 
SL (called CpNifS) was overexpressed: fhe CpNifS fransgenics showed less 
Se incorporafion in profeins and twofold enhanced Se accumulafion, as 
well as enhanced Se folerance (Van Hoewyk ef al. 2005). In anofher sfudy, 
SMT from hyperaccumulator A. bisulcatus was overexpressed in A. thaliana 
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and B. juncea (Ellis et al. 2004, LeDuc et al. 2004). The SMT transgenics 
showed enhanced Se accumulation, in the form of mefhyl-SeCys, as well 
as enhanced Se folerance. The expression of SMT also resulfed in increased 
rafes of Se volafilizafion, wifh more Se volafilized in fhe form of DMDSe. 

Alfhough fhe expression of A. bisulcatus SMT enhanced Se folerance, accu- 
mulafion, and volafilizafion, fhe effecfs were more pronounced when fhe 
planfs were supplied wifh selenife as opposed fo selenafe. This suggesfs fhaf 
fhe conversion of selenafe fo selenife is a rafe-limifing sfep for fhe produc- 
fion of SeCys. Therefore, APS and SMT B. juncea fransgenics were crossed 
fo creafe double-fransgenic planfs. The APS x SMT double fransgenics accu- 
mulafed up fo nine fimes higher Se levels fhan wild type (LeDuc et al. 2006). 
Most of fhe Se in fhe double fransgenics was in fhe form of mefhyl-SeCys: 
fhe APS X SMT planfs accumulafed up fo eighffold more mefhyl-SeCys fhan 
wild type and nearly twice as much as the SMT transgenics. Se tolerance was 
similar in the single and double transgenics. 

These genetic engineering studies demonstrate that the sulfate assimila- 
tion and volatilization pathway is responsible for selenafe assimilafion and 
volafilizafion. APS appears fo be a rafe-limifing enzyme for fhe assimilafion 
of selenafe fo organic Se, and CgS is rafe-limifing for DMSe volafilizafion. 
Enhanced APS expression appears fo trigger selenate uptake and Se and S 
accumulation, perhaps due to upregulation of sulfafe fransporfer expression. 
The resulfs from fhe SL and CpNifS fransgenics show fhaf specific break- 
down of SeCys can reduce nonspecific incorporafion of Se info profeins, 
enhancing Se folerance. Overexpression of SL or CpNifS led fo enhanced Se 
accumulafion, suggesfing fhaf infroducfion of fhis new sink for Se upregu- 
lafes Se and S upfake. The resulfs from fhe SMT fransgenics show fhaf SMT 
is a key enzyme for Se hyperaccumulafion, conferring enhanced Se folerance 
and accumulafion when expressed in nonhyperaccumulafors. However, for 
improved Se assimilafion and defoxificafion, APS needs fo be overexpressed 
fogefher wifh SMT. APS x SMT double fransgenics combine fhe abilify fo 
reduce selenafe fo selenife and SeCys wifh fhe abilify fo mefhylafe SeCys 
and fhus fo detoxify fhe increased pool of infernal Se. While APS x SMT 
double fransgenics show significanfly enhanced Se folerance and accumula- 
fion, fhey do nof approach fhe performance of Se hyperaccumulafor species. 
Purfher research is needed fo idenfify addifional Se folerance and accumula- 
fion genes in fhese specialized plan! species. 

Under laborafory condifions, fhe differenf fransgenics showed enhanced 
Se folerance, up fo ninefold higher Se accumulafion and up fo fhreefold 
fasfer Se volafilizafion. These properfies are all useful for phyforemedia- 
fion. To fesf fhe fransgenics' pofenfial for phyforemediafion, fhey were ana- 
lyzed for fheir capacify fo accumulafe Se from nafurally seleniferous soil 
and from Se-confaminafed sedimenf. When grown on nafurally selenifer- 
ous soil in a greenhouse pof experimenf, fhe APS fransgenics accumulafed 
Se fo fhreefold higher levels fhan wild-fype B. juncea, and fhe CgS fransgen- 
ics confained 40% lower Se levels fhan wild type (Van Huysen et al. 2004), all 
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in agreement with the laboratory results. Plant growth was the same for all 
plant types in this experiment. Two field experimenfs were carried ouf on 
Se (selenafe)-confaminafed sedimenf in fhe San Joaquin Valley (California) 
by Banuelos ef al. (2005, 2007). The APS fransgenics accumulafed Se fo 
fourfold higher levels fhan wild-fype B. juncea, and cpSL and SMT frans- 
genics showed fwofold higher Se accumulafion fhan wild-fype B. juncea, all 
in agreemenf wifh earlier laboratory experimenfs. Biomass producfion was 
comparable for fhe differenf planf fypes. Thus, in fhe field as well as fhe 
lab, fhe various fransgenics showed enhanced Se accumulafion, volafiliza- 
fion, and/or tolerance, all promising fraifs for use in phyforemediafion or as 
Se-forfified foods. 



New Insight into Se Tolerance and Accumulation 
Mechanisms from Integrated Genomic, 

Genetic, and Biochemical Approaches 

In order to obtain new insight into key genes that control Se uptake, hyperac- 
cumulation, and volatilization, several studies were done in the past years 
using either model plant species or hyperaccumulators. First, a comparative 
study was performed using recombinant inbred lines (RIL) of model species 
A. thaliana. Several quantitative trait loci (QTL) were identified that cosegre- 
gated with the higher selenate tolerance in accession Columbia compared 
with accession Landsberg erecta (Zhang et al. 2006a). Genes in the identified 
QTL regions include a homologue of SeCys methyl transferase (SMT), ATP 
suit urylase, and SAT. The results from the QTL study strongly suggested that 
tolerance to selenate and selenite is controlled by different loci. In another 
study, tolerance to and accumulation of Se were found to not be correlated 
in a study comparing 19 different ecotypes of Arabidopsis with variable toler- 
ance to Se (Zhang et al. 2006b). Based on these results, it should be possible 
to breed plants that both accumulate and tolerate Se well. 

In another approach to identify key genes modulating the Se response, a 
transcriptome study was performed on plants grown on selenate and con- 
trol media tor 10 days (Van Hoewyk et al. 2008). Genes involved in ethyl- 
ene and jasmonic acid (JA) pathways were upregulated by Se. Furthermore, 
Arabidopsis mutants with a defect in genes involved in ethylene synthesis 
(acs6), ethylene signaling (ein2-l and ein3-l), and JA signaling (jarl-1) showed 
reduced tolerance to selenate, and overexpression of a protein involved in 
ethylene signaling (ERFl) increased selenate resistance (Van Hoewyk et al. 
2008). A similar study by Tamaoki et al. (2008) also implicated the involve- 
ment of the two hormones ethylene and JA in selenite resistance (Tamaoki 
et al. 2008) and additionally suggested that reactive oxygen species (RQS) 
may have a signaling role. The resistance mechanism appears to involve 
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enhanced sulfate uptake and reduction; this may serve to prevent Se from 
replacing S in proteins and other S compounds. 

The genus Stanleya, which is from the same family as Arabidopsis 
(Brassicaceae), contains hyperaccumulators and nonhyperaccumulators. In 
Stanleya, similar Se tolerance mechanisms were found to those described 
earlier for Arabidopsis (Freeman et al. 2010). The plant hormones JA and 
ethylene, as well as the hormone salicylic acid, appear to play a role in 
regulating Se stress response in Stanleya. Probably as a response to the 
elevated levels of these hormones, hyperaccumulators have constitutively 
upregulated expression of S transporters and assimilatory enzymes, and 
hence higher levels of total S, reduced S compounds (including the antioxi- 
dant glutathione), and higher levels of total Se. In addition, the Se hyperac- 
cumulator Stanleya species showed interesting Se sequestration patterns 
that were not observed in nonhyperaccumulators. Around 90% of the 
accumulated Se was present as methyl-SeCys in vacuoles of leaf epidermal 
cells (Freeman et al. 2006b, 2010). This may indicate Se-specific transport 
mechanisms into these specialized cell types in hyperaccumulators. In 
future research, it will be very interesting to identify such specialized Se 
transporters, as well as the key genes that bring about the enhanced phyto- 
hormone levels that appear to trigger the cascade of reactions that together 
bring about the hyperaccumulation syndrome. 



Ecological Aspects of Se Phytoremediation 

Contribution of Microbes to Plant Se Uptake and Volatilization 

Most plant species have one or more types of symbiosis with bacteria and 
fungi, organisms that are thought to play an important role in the biogeo- 
chemistry of Se by mineralization, immobilization, or volatilization. The 
potential effects of associated microbes on the fate of Se in their host plants 
offer an interesting area of study (Thompson-Eagle et al. 1989, de Souza and 
Terry 1997, Pankiewicz et al. 2006). Different types of plant-microbial associa- 
tions may have different effects on plant Se accumulation and volatilization. 
Endophytic or epiphytic bacteria and fungi may affect Se accumulation 
within tissues or on plant surfaces, and root-associated fungi and bacteria 
may volatilize or change the oxidation state of Se, making it more or less 
available for plant uptake (Garbisu et al. 1996, Dowdle and Oremland 1998). 
Selenate- and selenite-reducing bacteria have, for instance, been isolated from 
the rhizosphere of the Se hyperaccumulator A. bisulcatus (Di Gregorio et al. 
2005, Vallini et al. 2005). The two more oxidized forms, Se(IV) and Se(VI), are 
relatively bioavailable to plants in the rhizosphere, as opposed to the more 
reduced elemental form of Se. Thus, Se oxidative bacteria may enhance Se 
availability to the plant while Se reducers may immobilize Se making it less 
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available to the plant. In addition to bacteria, unicellular, polymorphic, and 
filamentous fungi have fhe abilify fo reduce selenife fo elemenfal Se (Gharieb 
ef al. 1995); volafilizafion of Se has also been reporfed in fungi (Fleming and 
Alexander 1972, Thompson-Eagle ef al. 1989). 

In several sfudies, bacferia have shown fo confribufe fo planf Se upfake and 
volafilizafion. In broccoli (B. oleraced), 95% of Se roof volafilizafion was inhib- 
ifed when roofs were freafed wifh bacferial anfibiofics (Zayed and Terry 1994). 
Also, Indian musfard (B. juncea) freafed wifh anfibiofics volafilized 30% less Se 
and accumulafed 70% less Se fhan unfreafed planfs. In addifion, Indian mus- 
fard planfs grown from surface-sferilized seeds fhaf were inoculafed wifh 
rhizospheric bacferia accumulafed fivefold more Se and volafilized fourfold 
more Se fhan confrol planfs from seeds fhaf were nof inoculafed wifh bacferia. 
The mechanism for fhe sfimulafory effecf by fhe bacferia appeared fo be bofh 
sfimulafion of roof growfh and sfimulafion of planf S/Se upfake and assimila- 
fion. When inoculafed wifh rhizospheric bacferia, fhe planfs had increased 
roof surface area, and fhe culfure media confained ninefold higher serine lev- 
els fhan confrol planfs. OAS is known fo sfimulafe sulfafe upfake and assimi- 
lafion (de Souza ef al. 1999). In anofher sfudy, Di Gregorio ef al. (2006) using 
B. juncea grown in soil spiked wifh selenife and selenafe also showed fhaf 
rhizobacferia sfimulafed B. juncea Se upfake and volafilizafion and fhaf fhe 
bacferia confribufed fo fhe reducfion of fhese oxyanions in fhe soil. 

As for fhe effecfs of planf-associafed fungi on planf Se upfake and volafil- 
izafion, much less is known. In one sfudy, ryegrass {Lolium spp.) accumulafed 
less Se when freafed wifh fhe mycorrhizal fungus Glomus mosseae compared 
fo confrols lacking fhis fungus (Munier-Lamy ef al. 2007). There is also vir- 
fually nofhing known abouf fhe role endophyfic microbes play in planf Se 
upfake, mefabolism, and volafilizafion. 



Effects of Plant Se on Ecological Partners 

The high Se levels in hyperaccumulators likely play an important role in the 
ecology of these plants, and even Se accumulated in crop plants may have 
ecological effects (Figure 14.3). The best-known effects of plant Se hyper- 
accumulation on other species are the toxic effects of plant Se on livestock 
herbivores. Se ingestion of hyperaccumulator plants has been reported to 
be responsible for poisoning and death of cattle, sheep, and horses to the 
extent of hundreds of millions of U.S. dollars annually in the United States 
alone (Wilber 1980). Thus, hyperaccumulators may sequester Se as a defense 
against herbivory. In support of this elemental defense hypothesis (first pro- 
posed by Boyd and Martens 1992), laboratory and field studies showed that 
Se accumulation can protect plants from a range of herbivores and patho- 
gens, from prairie dogs to a variety of arthropods and fungi (Flanson ef al. 
2003, 2004, Freeman ef al. 2006a, 2007, 2009, Quinn ef al. 2008, 2011a). Se pro- 
tected the plants both through deterrence of herbivores and toxicity. Also in 
support of the elemental defense hypothesis, Se-hyperaccumulating species 
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FIGURE 14.3 

Se hyperaccumulator S. pinnata growing in its natural habitat and some of its natural ecological 
partners. Plant Se accumulation has been shown to protect against herbivory by grasshoppers 
(top left) and prairie dogs (bottom right) and to reduce infestation with root nematodes (bottom 
center). Some ecological partners appear to have evolved Se tolerance, such as a diamondback 
moth (top center) and native bumblebees (top right), as well as certain nematodes and certain 
neighboring plant species (bottom left). 



harbored fewer arthropod species and individuals in their natural habitat 
than comparable Se nonaccumulators (Galeas et al. 2008). 

While methyl-SeCys is not toxic by itself, herbivores that ingest hyperac- 
cumulator plant material readily demethylate it to SeCys (Freeman et al. 
2006b), which is toxic because of its nonspecific incorporation into pro- 
teins. Thus, Se hyperaccumulation is an effective plant defense mecha- 
nism against herbivory. For most plant defenses, over time some herbivores 
evolve tolerance. This is also true for Se hyperaccumulation. A population 
of diamondback moths living in a seleniferous area on hyperaccumulator 
S. pinnata was shown to be completely Se tolerant (Freeman et al. 2006b). 
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The Se-tolerant moth accumulated Se in the ingested form, methyl-SeCys, 
which is not incorporated into proteins, while a Se-sensitive population of 
diamondback mofhs from a nonseleniferous habifaf converfed fhe ingesfed 
mefhyl-SeCys fo SeCys (Freeman ef al. 2006b). 

Herbivores may avoid Se-rich planf fissue as anofher sfrafegy fo minimize 
Se foxicify Se is nof disfribufed evenly fhroughouf Se-hyperaccumulafing 
planfs, and Se levels flucfuafe over fhe growing season. Se concenfrafions 
in leaves peak in early spring, and young leaves and reproducfive fissues 
confain much higher Se levels fhan older leaves (Galeas ef al. 2007). Also, 
flowers of hyperaccumulafors have higher Se levels fhan leaves or roofs, 
and wifhin fhe flowers of S. pinnata, fhe sfamens and pisfils have a higher 
Se concenfrafion fhan fhe pefals and sepals (Quinn ef al. 2011b). As men- 
fioned earlier, hyperaccumulafors allocafe Se fo fhe periphery of fhe leaf. In 
S. pinnata, Se is stored primarily in specialized cells in fhe epidermis, and 
in A. bisulcatus, Se is stored primarily in leaf hairs (Freeman ef al. 2006b). 
Therefore, if appears fhaf hyperaccumulafors preferenfially allocafe Se fo 
areas fhaf firsf come info confacf wifh affackers, and predominanfly in 
fheir mosf valuable fissues, for maximal profecfion from herbivores and 
pafhogens. Sequesfrafion in fhe epidermis may also confribufe fo Se toler- 
ance, since if keeps fhe Se away from mefabolically sensifive processes. 
Depending on herbivore feeding mode, Se hyperaccumulafion may be 
more or less effecfive againsf differenf herbivores. In view of fhe parficu- 
larly high Se levels in fhe flowers, Se may also have an effecf on pollinafion 
ecology. This will be an inferesfing area of furfher research. Recenf sfudies 
(Quinn ef al. 2011b) indicate fhaf insecf pollinators in seleniferous areas 
can accumulafe subsfanfial Se levels and fhaf high-Se planfs are visifed af 
similar rafes as low-Se planfs. If will be inferesfing fo sfudy whefher fhis Se 
has any foxic effecfs on fhe pollinafors. 

As already discussed earlier, planf-associafed microbes may affecf planf 
Se mefabolism. Conversely, fhe elevafed Se levels in and around (hyper) 
accumulator planfs also appear fo affecf local microbial communifies. Soil 
around Se-hyperaccumulafing planfs has a ~10-fold higher Se concenfrafion 
fhan fhe surrounding bulk soil (El Mehdawi ef al. 2011a), and fhere is evi- 
dence fhaf rhizospheric and saprophyfic fungi from seleniferous areas have 
evolved enhanced Se folerance (Wangeline ef al. 2011, Quinn ef al. 2011b). 

Anofher class of ecological inferacfion fhaf may be affecfed by Se is fhaf 
befween hyperaccumulafors and fheir planf neighbors. As menfioned earlier, 
Se levels around hyperaccumulafors fend fo be higher compared fo ofher soil 
in fhe area. Recenf dafa (El Mehdawi ef al. 2011b) indicafe fhaf neighbors of 
fhese high-Se planfs have significanfly higher Se levels when growing nexf 
fo hyperaccumulafors. Depending on whefher fhe neighbors are Se foleranf 
or sensifive, fhis increased Se concenfrafion may have a posifive or negafive 
effecf. If fhey are foleranf, fhey may benefif from fhe Se in a similar way fo 
fhe hyperaccumulafors fhemselves, enjoying less herbivory. If fhey are sensi- 
five, on fhe ofher hand, fhey may suffer reduced germinafion and growfh. 
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Future Prospects 

Further studies building on the genomic and biochemical studies described 
earlier may reveal key genes that trigger the cascade of responses that 
together provide Se tolerance and accumulation in model plants and 
hyperaccumulators. These studies may also reveal genes that encode spe- 
cific fransporfers of selenocompounds info and wifhin hyperaccumulafors. 
These key genes will be very inferesfing candidafes for overexpression sfud- 
ies, wifh fhe pofenfial of fransferring fhe complefe Se hyperaccumulafor 
profile info high-biomass crop species. 

Se accumulafion in planfs appears fo have imporfanf ecological implicafions. 
More research is needed on fhe role microbes play in plan! Se upfake and vola- 
filizafion, and fhe movemenf of Se fhrough fhe food chain via Se h 5 ^eraccu- 
mulafors or Se-forfified crop planfs. The role of Se in belowground ecological 
inferacfions wifh microbes and ofher organisms is also a relafively unexplored 
area. Plan! Se may affecf roof-microbe inferacfions and may profecf planfs 
from roof-feeding herbivores. Moreover, selenocompounds released from 
hyperaccumulafor roofs may affecf surrounding vegefafion. The effecfs of Se 
on pollinafion ecology will also be an inferesfing field of furfher sfudy. 

Togefher, beffer insighf info fhe processes involved in plan! mefabolism 
of Se, fhe limifing facfors involved, fhe confribufions of ecological parfners, 
and fhe effecfs of Se on ecological parfners are all useful in order fo mini- 
mize any pofenfial harmful effecfs of Se while benefifing from fhe posifive 
effecfs of planf Se on animal and human healfh. The capacify of planfs fo 
accumulafe and volafilize Se will be very useful for fhe phyforemediafion 
of Se-confaminafed soils and wafers (Banuelos ef al. 2002). When planf Se 
accumulafion is managed well, planfs offer an efficienf and cosf-effecfive 
means fo remove Se from fhe environmenf. Planfs are also an effecfive source 
of diefary Se, and fherefore, Se-enriched planf maferial from phyforemedia- 
fion or ofher sources may be considered forfified food. Affer being grown 
on Se-confaminafed soil or being irrigafed wifh Se-confaminafed wafer, 
fhe Se-laden planf maferial may be used as a feed supplemenf for livestock, 
and/or as a biofuel. The pofenfial of fhis sfrafegy may be furfher enhanced by 
fhe use of selected fransgenic lines. Of course fhe use of any Se-accumulafing 
wild-fype or fransgenic planfs should be accompanied by careful risk assess- 
ment fo avoid escape of fransgenes and fo minimize any adverse ecological 
effecfs of planf-accumulafed Se. 
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Introduction 

Phfhalic acid esters or phthalate esters (PAEs) are derivatives of phthalic acid 
(PA). Structures of PAEs are shown in Eigure 15.1. When methanol, etha- 
nol, or other alcohols react with the carboxyl groups on the benzene ring 
of phthalic acids, the corresponding esters are formed with different alkyl 
chains, depending on the alcohol involved in the reaction, such as dimethyl 
phthalate (DMP), dibutyl phthalate (DBP), and di(2-ethylhexyl) phthalate 
(DEHP). Each PAE has three isomers on which the carboxyl groups can be 
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FIGURE 15.1 

Chemical structures of several common phthalate esters, including phthalate ester isomers 
(DMP, DMIP, and DMTP), diethyl phthalate (DEP), dibutyl phthalate (DBP), and di(2-ethylhexyl) 
phthalate (DEHP). 



at the ortho, meta, or para position. Meanwhile, the esterification forms nof 
only diesfers buf also monoesfers. Various reacfions yield a large and diverse 
group of producfs of PAEs, wifh disfincfive posifion and fhe lengfh of fhe 
alkyl side chains. 

Differenf chemical sfrucfures can have disfincfive physicochemical proper- 
fies for PAEs. The physical properfies of selecfive PAEs are lisfed in Table 15.1. 
Whaf should be noficed is fhe hydrophilic abilify of PAEs, because hydrophilic 
abilify affecfs fhe occurrence, disfribufion, and biofoxicify of a chemical in fhe 
environmenf. The exisfence of aromafic ring and esfer groups on fhe ring gen- 
erally resulfs in low solubilify of PAEs in wafer, wifh a paffern of decrease 
following fhe increase of fhe alkyl chain lengfh. Eor example, wifh an increase 
of alkyl chain: DMP<diefhyl phfhalafe (DEP) < diallyl phfhalafe (DAP), 
fhe solubilify of PAEs in wafer generally follows: DMP (4200 mg/L)> DEP 
(1100 mg/L)> DAP (182mg/L) (Sfaples ef al. 1997). However, fhere are excep- 
fional cases for high-molecular-weighf PAEs. As menfioned by Howard 
ef al. (1985), fhe diisononyl phfhalafe (DINP) has wafer solubilify of 0.20 mg/L, 
whereas fhe solubilify of diisoocfyl phfhalafe (DIOP) is 0.09 mg/L. There is a 
large variafion among fhe wafer solubilify values, especially when measure- 
menf is obfained based on differenf mefhods. Eor example, in fhe case of di- 
n-ocfyl phfhalafe (DnOP), if can be 0.02 mg/L by convenfional shake-flask/ 
cenfrifugafion mefhod (Hollifield 1979). Sfaples ef al. (1997), however, recom- 
mended fhe value of 0.0005 mg/L for fhe solubilify of DnOP based on fhe dafa 
available. These resulfs suggesf fhaf even fhough fhe dafa were published as a 
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TABLE 15.1 



Physical Properties of Selected Phthalate Esters 





Dimethyl 

Phthalate 


Dimethyl 

Isophthalate 


Dimethyl 

Terephthalate 


Di(2- 

Ethylhexyl) 

Phthalate 


Dibutyl 

Phthalate 


Abbreviation 


DMP 


DMIP 


DMTP 


DEHP 


DBP 


CASRN 


131-11-3 


1459-93-4 


120-61-6 


117-81-7 


84-74-2 


Position of 


Ortho 


Meta 


Para 


Ortho 


Ortho 


ester bond 


Molecular 


194.1866 


194.1866 


194.1866 


390.5618 


278.3474 


weight 


Density 


1.19 


1.1477 


1.2“ 


0.9732 


1.043 


Melting 


2°C 


66°C-67°C 


141°C 


-50°C 


-35°C 


point 


Boiling point 


283.7°C 


124°C at 
12 mm Hg 


288°C 


386.9N 


340°C 


Water 

solubility 


4200 mg/L 
at 20°C’ 


Insoluble 


28.7mg/L at 
20°C' 


0.003 mg/L*’ 


13 mg/L 


Physical state 


Colorless, 
oily liquid 
with a 
slight ester 
odor 


White flake'* 


Colorless to 
white 
crystals 


Colorless, 
oily liquid 
with almost 
no odor 


Colorless, 
oily liquid 
with a 
very 
weak, 
aromatic 
odor 



Source: http: / /chemfinder.cambridgesoft.com/ 

® http://www.chemicalland21.com/arokorhi/petrochemical/DIMETHYL%20 
TEREPHTHALATE.htm 
I’ Staples et al., Chemosphere, 35, 667, 1997. 

' Watanabe and Hamamura, Current Opinion in Biotechnology, 14, 289, 2003. 
http://www.chemicalland21.com/arokorhi/specialtychem/perchem/DIMETHYL%20 
ISOPHTHALATE.htm 

result of objective observation, the methods used could greatly influence the 
final values. 

A close relationship exists between water solubility and toxicity to organ- 
isms. Biotoxicity of an organic chemical to a particular organism depends 
on its partition coefficient in the animal or organism body, namely, 

(Xp = Cgoi^gnt/Cwater) (Crosby 1998). Normally, partition coefficient of octa- 
nol (an organic solvent) and water, is applied to indicate the water solubility. 
The higher the value, the lower the solubility. The toxicity of chemicals can 
be measured through a range of concentrations to extrapolate the concentra- 
tion at which 50% of the population show mortality (LC 50 ). The relationship 
between X^^ value and LC 50 was evaluated by the significance of equa- 
tion logio(LC 5 o)=fl logio(Xo„) + 1>. In a report conducted to test several PAEs' 
toxicity, the slope a and constant b were calculated via linear regression 
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(Call et al. 2001a,b). As an example, the LCjq values of DMP, DEP, DBP, and 
butylbenzyl phthalate (BBP) were 28.1, 4.21, 0.63, and 0.46 mg/L, respectively, 
for the amphipod Hyalella azteca. 



Industrial Application 

PAEs are used as plasticizers in the plastic industries. Specifically, they are 
incorporated in the polyvinyl chloride (PVC), which has been used for over 
half a century. PAEs play an important role in increasing flexibility and soft- 
ness to the products such as home furnishings, daily used containers, food 
packaging, medical devices, and children's toys (Staples et al. 1997). The 
most popular PAE, DEHP, has been widely used as the plasticizer in chil- 
dren's toys, toothbrushes, and clothing (National Toxicology Program 1995). 
In Germany, between 1994 and 1995, DEHP was consumed by more than 
250,000 ton, and the consumption of total phthalates reached 400,000 ton 
(Promme et al. 2002). DBP is used in the manufacturing of epoxy resins and 
cellulose esters. DMP, the simplest structure among the phthalate diesters, 
is utilized as plasticizer in cellulose ester-based plastics. These plasticizers, 
due to their benzene and alkyl chain structure, combine with the plastic 
molecules to form the noncovalent bond structure. The long alkyl chain 
structure helps reduce the rigidity of the polymers and increase the flex- 
ibility of their products. 

Not only do PAEs soften the long-chain molecules but can also be used 
as the monomer in the polyester synthesis. Eor example, both dimethyl 
isophthalate (DMI) and dimethyl terephthalate (DMTP) are used in poly- 
mer manufacturing, for their ability to react with other esters in order to 
produce polyesters. They are mainly used in the manufacture of electric and 
electronic products, including video, film, electrical capacitors, and fibers 
(like polyethylene isophthalate-co-terephthalate) (Monarca et al. 1991, Lee 
et al. 1999). New applications have also been found recently. Ukielski (2000) 
has used these monomers to synthesize multiblock terpolymers as well. 
However, because of their potential carcinogenicity, their application is more 
restricted by regulations from the 1980s in many countries (Wilkinson and 
Lamb IV 1999). 



Occurrence and Fate in the Environment 

When PAEs are largely produced and heavily used in industrial processes, 
their fate in the environment has been regarded as a problem (Bauer et al. 
1998). Intensive production inevitably increases the occurrence rate of this 
group of chemicals in the ambient environment. Eor the purpose of moni- 
toring the behavior of PAEs and evaluating their risks to human health. 
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TABLE 15.2 

Occurrence and Concentration of Several Phthalate Esters in the Environment 



Phthalate Esters 


Occurrence in 
Environment 


Concentration 


References 


Dimethyl 


River 


lOmg/L 


Fajardo et al. (1997) 


phthalate (DMP) 
Dibutyl phthalate 


River 


45ppb 


Mori (1976) 


(DBP) 


Well water 


0.19-9.26 pg/L 


Hashizume et al. (2002) 




Sea surface microlayer 


0.223 pg/L 


Cincinelli et al. (2001) 




Subsurface layer 


0.065 pg/L 


Cincinelli et al. (2001) 


Diethyl phthalate 


Sea sediment 


0.049 pg/L 


Peterson and Freeman 


(DEP) 


Household waste 


18.2mg/kg 


(1982) 

Bauer and Herrmann (1997) 


Di(2-ethylhexyl) 


Sea sediment 


0.18pg/L 


Peterson and Freeman 


phthalate (DEHP) 


Household waste 


16,820.6mg/kg 


(1982) 

Bauer and Herrmann (1997) 




Landfill leachate 


346 pg/L 


Paxeus (2000) 



efforts have been made to determine the extent of the appearance of PAEs, 
clarify the sources of PAEs, and understand their fate in the environment. 
In this case, many reports have been published to advance an understand- 
ing of the potential environmental problems posed by the use of PAEs. The 
environment that these reports studied includes soils, landfills, sediments, 
receiving waters, and drinking water, which will be discussed in what 
follows (Table 15.2). 



Receiving Waters 

The receiving water involves streams, rivers, estuaries, and marine (Gomes 
and Lester 2003). Since 1976, a huge volume of research reported that phthal- 
ate esters were detected in receiving waters (Schouten et al. 1979). Phthalate 
esters are most likely released from domestic sewage effluents, industrial 
sewage effluents, or industrial discharges because of inadequate, or the 
absence of, filtering before discharge (Birkett 2003). Mori (1976) applied high- 
performance liquid chromatography (HPLC) to detect PAEs in river-water 
samples. DBP and DEHP were determined to be 45 and 10 pg/L, respectively, 
in those samples. In Nigeria, Eatoki and Ogunfowokan (1993) reported that 
DMP, DEP, and DBP were detected in several rivers at concentration from 
10 to 1472 mg/L. In Japan, DBP (up to 9.26 pg/L) and DEHP (up to 5.22 pg/L) 
were also detected in well water, Tempaku River, and other water sources 
(Hashizume et al. 2002). In another report, DEHP was found in several riv- 
ers, including Puru, Jinzu, and Itachi, with the concentrations ranging from 
0.5 to 48.4 pg/L (Hata et al. 2004). These studies have invariably recognized 
DBP and DEHP to be the predominant PAE pollutants in the river waters, a 
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finding supported by the fact that DEHP is the most commonly used phthal- 
ate ester (Jeng 1986). 

When the PAEs enter rivers or streams, some are resistant to decomposi- 
tion and maybe transported for long distance into the sea. Therefore, it is not 
surprising to detect PAEs occurring in the marine environment (Jeng 1986, 
Chen et al. 1999, Cincinelli et al. 2001, Wenger and Isaksen 2002, Mackintosh 
et al. 2004, Zhao et al. 2004a). Recent studies showed that the distribution 
pattern of organic chemicals is influenced not only by their physiochemi- 
cal attributes but also by the receiving water layer structure. A level of 
177pg/L phthalate was detected in the marine environment, especially in 
the sea surface microlayer that contained a higher concentration than the 
subsurface water (Cincinelli et al. 2001). According to the report, the rea- 
son for the concentration at sea surface microlayer was probably due to the 
natural hydrophobic property or the absorption of floatable particles. Sea 
surface microlayer is defined as 1000 pm of the ocean surface (Liss 1997). As 
the interface of gas and liquid, sea surface microlayer is very important for 
marine ecosystem, because of its abundant assemblage of microorganisms, 
such as bacteria (Sieburth 1971). A noticeable consequence of PAEs existence 
in surface microlayer would result in the exposure of these microorganisms 
to PAEs. 

On the other hand, the water conditions, such as salinity, also affect 
the distribution of organic chemicals. In some specific areas, like in the 
junction between freshwater and sea water such as estuaries, which was 
affected differently by salinity, phthalate esters were found to behave much 
differently. Turner and Rawling (2000) gave a detailed discussion on the 
distribution of DEHP and the factors affecting both freshwater and saltwa- 
ter. The results suggested that the distribution was largely influenced by 
the particulates and salinity in water. Generally speaking, the particulate 
organic matters can partly dissolve DEHP in both waters. However, salinity 
may increase the solvency of particulate organic matters by salting out or 
structure modification; as a result, the concentration of DEHP in sea water 
was lowered (Turner and Rawling 2000). The particle concentration also 
had a relationship to the distribution coefficient (Rd), but the particle con- 
centration in sea water had less effect on the than that in fresh water, 
which was probably caused by the particle-particle interaction that was 
weakened in high salinity (Patoki and Ogunfowokan 1993, Heindel et al. 
1995, Paune et al. 1998, Turner and Rawling 2000, Luks-Betlej et al. 2001, 
Mihovec-Grdic et al. 2002, Gai et al. 2003, Pauser et al. 2003, Gomes and 
Lester 2003, Gomes et al. 2003, Salafranca et al. 2003, Mackintosh et al. 2004, 
Zhao et al. 2004a, Zhu et al. 2004). 



Sediments and Soils 

The PAEs occurring in the sediments or soils probably originated from the 
corresponding water sources, such as the discharge of rivers, streams, or 
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marines. The investigation on PAEs in sediments can trace back to 1982; 
Peterson and Freeman published a report on the detection of several PAEs 
in sea bay, Chesapeake Bay sediments (Peterson and Freeman 1982). The 
report showed that three phthalate esters, DEP (49ng/g), DBP (93ng/g), 
and DEHP (180ng/g), respectively, were present in the sediments. The 
concentration of fhese PAEs exhibifed a parficular paffern of disfribufion 
over depfh buf did nof follow a clear frend wifh fime, which was prob- 
ably affribufed fo fhe discharge from nearby facfories af differenf fimes and 
varied infensifies (Peferson and Freeman 1982). However, fhe invesfigafion 
also indicafed fhaf fhe movemenf of organism in sedimenfs such as benfhic 
organisms mighf have disfurbed fhe concenfrafion gradienf disfribufion, 
causing some abnormal resulfs. Yuan ef al. (2002) published fhe resulfs of 
sampled sedimenfs from six rivers in Taiwan. The survey presenfed fhaf 
several PAEs were found in fheir samples, among which DEHP and DEP 
were defecfed af very high concenfrafions. Thaf could be affribufed fo fhe 
large-scale discharge and fheir high persisfence under fhe normal environ- 
menfal condifions (Sfaples ef al. 1997). 

Excepf for fhe confaminafed sedimenfs, anofher main source of PAEs is 
landfills from which various sorfs of wasfes are disposed. Plasfic producfs 
accounf for a large proporfion of fhe wasfes. Affer geffing buried, fhe plas- 
fics release organic addifives under fhe landfill condifions of high pressure 
and elevafed femperafure. For idenfifying fhe organic chemicals in land- 
fill leachafes, Oman and Hynning (1997) invesfigafed a municipal landfill 
sife in Sweden. They discovered fhaf in fhis landfill fhree PAEs (DEP, DBP, 
and BBP) were found in all domesfic wasfes, where fhe food packaging 
maferials confained high concenfrafion of DEP. In an arficle by Bauer and 
Herrmann (1997), a number of domesfic wasfes are classified as food wasfes, 
plasfic wasfes, compound packing wasfe, and ofhers. In fhese domes- 
fic wasfes, fhe compound maferial was defecfed confaining high levels of 
PAEs, such as DMP (3.4 mg/kg), DEP (18.2 mg/kg), DBP (1473 mg/kg), BBP 
(178.4 mg/kg), and DEHP (16,820.6 mg/kg). Even in food wasfe, 0.8 mg/kg 
DMP and 64.3 mg/kg DEHP were also defecfed. The resulfs suggesfed fhaf 
fhese organic chemicals may appear ubiquifously in fhe landfill. Affer fhe 
wasfes were imbedded, PAEs can be easily leaked info soil and furfher info 
fhe surrounding aquafic environmenf, such as underground wafer. An inves- 
figafion of underground wafer conducfed in Taiwan reporfed fhaf defecfable 
residue of DBP mighf come from leaching of disposal maferials (Yin and Su 
1996). Paxeus (2000) published a reporf summarizing fhe resulfs of a survey 
abouf fhree landfills. Several kinds of PAEs were defecfed in fhese fhree 
landfills, including DEP, DBP, BBP, DEHP, and DnOP However, fhe compari- 
son among fhree landfills on fhe concenfrafion of PAEs and ofher organic 
chemicals showed differenf disfribufion pafferns based on differenf origi- 
nafion of domesfic wasfes. This suggesfed fhaf fhe sources of wasfes were 
a main facfor influencing fhe occurrence of organic chemicals. Nascimenfo 
Filho ef al. (2003) also described in a reporf fhaf several PAEs were idenfified 
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in landfill leachate, including dioctyl phthalate (DOP), diisobutyl phthalate 
(DIBP), and diisopentyl phthalate (DIPP). 

In other reports by Schwarzbauer et al. (2002) and Jonsson et al. (2003), 
several derivatives of PAEs degradation were identified in the seepage and 
leakage water from landfills (Jonsson et al. 2003). Several commonly used 
PAEs and their metabolites were detected in a landfill deposit in Germany, 
including DIBP, DBP, DEHP, and their monophthalate ester as well as 
phthalic acid, methylisophthalic acid, isophthalic acid, and terephthalic acid 
(Schwarzbauer et al. 2002). Similarly, Jonsson et al. (2003) also observed that 
in landfills in Sweden, Denmark, and Italy, different phthalates were found 
and recognized as DMP, DEP, DBP, DEHP, BBP, their monophthalic acid, and 
phthalic acid. Among these organic chemicals, phthalic acid (PA) was found 
at the highest concentration and almost appeared in all of these landfills. 
Such high levels of PA in the landfill implied that biodegradation by micro- 
organisms had transformed esters to PA but further degradation of PA was 
not optimized, resulting in high concentration of this intermediate. This is 
an interesting fact in the degradation of PAEs because most of the previ- 
ous investigations had not shown the degradative pathway in step and by 
pure culture of microorganisms. Only by pure culture can the cooperation 
between bacteria be observed, such as those published in our laboratory 
(Wang et al. 2003). 

In the studies described earlier, almost all landfills have been detected 
with DEHP, DEP, and BBP at noticeable levels. These three PAEs have very 
wide applications in various industrial manufactures, including pharma- 
ceuticals, pesticides, textile, leather preservatives, plasticizers, and even food 
packaging (Oman and Hynning 1993). These daily commodities are essen- 
tial to our daily life. As a result they are commonly found in the domestic 
wastes. However, except for the chemical sources, the organisms' activities 
would also disturb the distribution in the environment. Some phthalate 
esters showed accumulation in these organisms, before getting fully metab- 
olized. These esters with their metabolic intermediates may exist for a long 
time and have a potential impact on the human health. 



Toxicity of PAEs to Organisms 

The persistence of PAEs has caused a serious concern about their toxic effects 
on human. Most of the adverse effects suggested estrogenic or antiandro- 
genic activity of PAEs (Sohoni and Sumpter 1998, Zacharewski et al. 1998). 
The endocrine system in humans and organisms produces various hor- 
mones transported to different parts of the body in order to take part in 
the regulation of development, stimulation of target cell division, and so on 
(Griffin and Ojeda 1996). Ghemicals like PAEs also function as estrogen mim- 
ics to stimulate the hormonal responses by competitive bonding to estrogen 
receptor (ER) (Nakai et al. 1999). Several endogenous estrogens, synthetic 
estrogens, and endocrine-active compounds (EAGs) are listed in Table 15.3. 




TABLE 15.3 

Estrogens, Synthetic Estrogen, and Environmental Endocrine Active Compounds 
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Estrogens, Synthetic Estrogen, and Environmental Endocrine Active Compounds 
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(Metzler M., ed.). Springer- Verlag, Berlin, Germany, 2001. 
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Basically, the toxicity of estrogen-like PAEs comes from fhe acfion called 
"esfrogen recepfor-mediafed hormone acfion." The esfrogen is bound fo fhe 
profein carrier fo penefrafe cell membrane before binding ER. The esfrogen 
dimmer wifh esfrogens binds wifh ifs DNA binding fo fhe domain of an 
esfrogen-responsive elemenf and regulafes fhe gene expression wifh gen- 
eral franscripfion assembly fogefher (Mueller and Korach 2001). As a resulf, 
fhe endocrine disrupfors cause fhe endocrine sysfem malfuncfion and even 
develop cancer (Birkeff 2003). 

Conjugafion of ER and esfrogens is closely relafed fo phfhalafe esfer 
sfrucfure, especially fo fhe lengfh of alkyl chain and fhe chain posifion 
on benzene ring (Nakai ef al. 1999). The chain lengfh up fo eighf carbons 
exhibifs a relafively weaker pofency fo ER fhan does fhe lengfh of fhree 
fo four carbons. Eurfhermore, for differenf chain posifion isomers (namely, 
ortho-, meta-, and para-), fhe ortho-PAE has higher affinify fhan meta- and 
para-EAE; for example, meta- and para-dipropyl phfhalafe have almosf fwice 
fhe IC 50 value (210 and 147 pM respecfively) fhan ortho-dipropyl phfhalafe 
(78.8 pM). Evidence supporfed fhaf fhe ring hydroxylafed PAEs may have 
higher affinify fo ER. The hydroxylafed PAEs should also be given some 
affenfion because hydroxylafion reacfion is very common in fhe environ- 
menf by organisms (Toda ef al. 2004). 

Affer fhe Second World War, fhe foxicify of PAEs had been surveyed 
(Shaffer ef al. 1945, Carpenfer ef al. 1953, Harris ef al. 1956). Aufian (1973) 
published a review fo recapifulafe fhe foxicify and healfh fhreafs of PAEs 
fo human beings and reporfed fhaf fhe acufe foxicify did nof show a severe 
damage fo fhe fesfing fissues or organisms. The lefhal dose (LDjq) for com- 
monly ufilized compounds like DMP, DEP, and DEHP were 1.58-10.0 mL/kg, 
1.0-5.06 mL/kg, and 10.0-50.0 mL/kg, respecfively. However, fhe chronic and 
subacufe foxicify defecfed was shown fo cause irrifafion fo fhe upper respi- 
rafory fracf of humans, parficularly when ifs presence was associafed wifh 
DMP, DEP, and DEHP. The esfrogenic acfivify of several PAEs was observed 
in vitro. Such compounds were ranked for fheir esfrogenic pofenfialifies in 
fhe order: BBP > DBP > DIBP > DEP > DINP (Harris ef al. 1997). 

DEHP was confirmed fo be causing possible hepafocellular carcinomas in 
female rafs and male and female mice (Nafional Toxicology Program 1982). 
Hepafocellular carcinomas and neoplasfic nodules induced in male rafs wifh 
concenfrafion reaching 12,000 mg/L caused rafs' liver neoplasfic lesion as 
well as toxic damage in fesfes and pifuifary. The male rafs exposed chroni- 
cally fo DEHP developed reproducfive damage, including hypospermia in 
fhe fesfis and epididymis (Moore 1996). The reproducfive foxicify was also 
confirmed af a high concenfrafion of 1.7g/kg/day for 14 days (Wilkinson 
and Lamb IV 1999). However, according a recenf sfudy on fhe DEHP cancer 
risk assessment no genofoxicify was observed af a concenfrafion level fhaf 
is relevanf fo fhe human cancer developmenf (Doull ef al. 1999). The aufhor 
suggesfed fhaf DEHP should nof be classified as a likely carcinogen based on 
margin of exposure (MOE) approach fo fhe human risk assessmenf. 
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Dimethyl phthalate (DMP), one of the PAEs produced on a large scale, 
was not found to induce carcinogenic activities in both male and female 
rats (National Toxicology Program 1995). However, a DMP uptake in higher 
amounts triggered central nervous depression and noticeable kidney dam- 
age (Autian 1973). Other bioassays using scud (H. aztecd), midge {Chironomus 
tentans), and California blackworm {Lumbriculus variegates) showed that 
H. azteca was most sensitive to DMP with the mechanism of narcosis 
response (Call et al. 2001b). At 50 mg/L of DMP, mortality at the rate of 95% 
was observed in H. azteca. 

DMTP, a monomer in the polymer industry, was tested for its toxicity as 
early as 1973 (Krasavage et al. 1973). The initial tests supported that DMTP was 
basically a nontoxic compound ingested at low levels by organisms. Although 
a reduced body weight was observed in the assay, a syndrome-like hematol- 
ogy was insignificant. The nongenotoxicity of DMTP was demonstrated by 
in vitro tests: the Ames test, DNA single-strand break assays in CO60 cells 
and in primary rat hepatocytes, and so on (Monarca et al. 1991). In 1995, the 
European Commission initiated an investigation on the DMTP recovered 
from pet bottles (The Scientific Committee for Pood 1995). The report claimed 
that there was no special evidence of harmful effects on humans when using 
DMTP as the monomer in pet bottle manufacturing. 



Degradation of PAEs 

PAEs are very persistent in the environment. In the case of DMP, its 
half-life could be 3.2 years in the aquatic environment (Staples et al. 1997). 
Por the purpose of eliminating such esters, acceleration of the hydrolysis 
of ester bond is very important for their remediation. There are many ways 
to perform the degradation test, and they can be classified into two main 
categories: abiotic and biotic methods. 



Abiotic Degradation 

Abiotic degradation of PAEs refers to physicochemical processes such as 
light exposure, artificial irradiation, and chemical reaction, which occur 
without the participation of any organism. Photolysis is a very important but 
slower process for decomposition of organic chemicals in the environment. 
Por PAEs, the ester bonds can be broken when they absorb enough ultraviolet 
radiation (UV) at the range of 290-400 nm. The ester bonds rupture by direct 
absorption of the energy of UV light, or by their reaction to UV-activated 
matters, such as oxygen radical and hydroxy radical. Por instance, 1 mg/L of 
butyl benzyl phthalate (BBP) was decomposed over 95% after a direct expo- 
sure to sunlight for 28 days (Gledhill et al. 1980). DMP and DPP after UV 
irradiation were decomposed to several fractions of compounds and radicals 
through breakage of ester bonds and decarboxylation (Balabanovich and 
Schnabel 1998). 
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Oxygen or hydroxy radicals are very active substances with high oxidation 
ability. Some additives were applied to generate these radicals by UV irra- 
diation, such as hydrogen peroxide. The UV-HjOj system has been applied 
to produce hydroxy radicals in the degradation of DMP (Balabanovich and 
Schnabel 1998). The results of experimenf indicafed fhaf a higher degrada- 
fion efficiency was obfained when DMP was exposed fo UV-H 2 O 2 sysfem, 
wifh over 98% of DMP removed in 45 min; in confrasf, only 60% of removal 
was achieved under direcf irradiafion using UV for 60 min. 

Ofher oxidafion mefhods such as Fenfon reacfion were also under invesfi- 
gafion for fheir pofenfial applicafion (Halmann 1992). The Fenfon reacfion is 
based on fhe sysfem of Fe^+-H202 and is, accordingly, called Fenfon reagenf. 
Under fhe irradiafion condifion, by absorbing fhe phofon energy fhe Fe^"^ 
can acfivafe hydrogen peroxide fo yield fhe hydroxy radical, which is highly 
oxidafive in aquafic environmenf. The hydroxy radical wifh highly oxida- 
five abilify is a main componenf in fhe oxidafion process involved wifh fhe 
degradafion of PAEs. Zhao ef al. (2004b) used fhe Fenfon reacfion fo oxidize 
DMP and demonsfrafed fhaf fhe Fenfon sysfem proceeded more efficienfly 
in acidic condifion (pH 3.0) fhan in neufral condifion, affaining over 81% 
removal in 120 min (Figure 15.2). 



Biotic Degradation 

Apparently, abiotic degradation of PAEs has merits such as faster degrada- 
tion and higher efficiency. However, the disadvantages are also obvious: high 
investment costs as well as the cost of long-term maintenance. As a result, 
in many wastewater treatment plants, the biotic degradation treatments are 
commonly chosen for organic chemical degradation. While reviewing the 
biodegradation studies on PAEs, several aspects should be noticed, such as 
aerobic or anaerobic conditions, the study methods used (inoculum test, 
water sample degradation test, and soil/sludge sample test), the microorgan- 
isms involved, the enzymatic mechanism, and the degradation pathway. 



Aerobic Degradation 

Many research works that studied PAE degradation in laboratory were 
based on aerobic condition because of its easy operation and short experi- 
mental periods (Chauret et al. 1995, Shah et al. 1998, Wang et al. 2003, Zeng 
et al. 2004). The experimental instrument and culture medium were exposed 
in the ambient air containing oxygen. The target chemicals were precisely 
measured and added to the prepared mineral salt medium (MSM), which 
contained the essential inorganic elements required for microbial growth. 
The inoculum was normally enriched from environments, including fresh 
waters, soils, sediments, active sludge, and so on and incubated using 
an incubation shaker. The list of microorganisms and their degradation 
substrates surveyed were listed in Table 15.4. 
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FIGURE 15.2 

The scheme of transformation of orf/io-phthalate ester to protocatechate. (A) Pseudomonas 
spp. transformation pathway (From Keyser, P. et al.. Environ. Health Perspect., 18, 159, 1976.); 
(B) A. keyseri 12B transformation pathway. (From Eaton, R.W., /. Bacterial., 183(12), 3689, 2001.) 
(I) orf/io-phthalate ester; (II) Monophthalate ester; (III) Phthalic acid; (IV) cis-3,4-dihydroxy-3,4- 
dihydrophthalate; (V) 3,4-dihydroxyphthaIate; (VI) c!s-4,5-dihydroxy-4,5-dihydrophthaIate; 
(VII) 4,5-dihydroxyphthaIate; and (VIII) protocatechuate. 



Single-Species Degradation 

The enriched bacteria from environment are normally isolated using the 
selective medium technique. The species with degradation ability can 
be used to perform biodegradation for the target chemicals. From 1972 
to date, there are many reports on the use of single species in the deg- 
radation process of PAEs (Keyser et al. 1976, Babu and Vaidyanathan 
1982, Eaton 1982, Eaton and Ribbons 1982, Karegoudar and Pujar 1984, 
Sivamurthy et al. 1991, Williams et al. 1992, Ganji et al. 1995, Jackson 
et al. 1996, Aleshchenkova et al. 1997, Patel et al. 1998, Yan and Liu 1998, 
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TABLE 15.4 



Microorganisms Capable of Degrading Phthalate Esters Completely or Partially 



Substrates 


Microorganisms 


Degradation 


References 


DMP 


P. fluorescens, Pseudomonas. 
Aureofaciens and S. paucimobilis 


Complete 


Wang et al. (2003) 




Xanthomonas maltophilia and 
S. paucimobilis 


Complete 


Wang et al. (2003) 




P. fluorescens FSl 


Complete 


Zeng et al. (2004) 




Micrococcus sp. strain 12B 


Complete 


Keyser et al. (1976) 




Bacillus sp. 


Complete 


Niazi et al. (2001) 




Arthrobacter sp. 


Partial 


Vega and Bastide (2003) 


DMTP 


A. niger (fungus) 


Complete 


Ganji et al. (1995) 




S. paucimobilis 


Complete 


Li et al. (2005) 




Sclerotium rolfsii (fungus) 


Partial 


Sivamurthy et al. (1991) 




C. acidovorans D-4 


Complete 


Patel et al. (1998) 




Pasteurella multocida 


Complete 


Li et al. (2005) 


DMIP 


Klebsiella oxytoca 


Partial 


Li and Gu (2004) 




R. erythropolis 5D 


Complete 


Aleshchenkova et al. (1997) 




R. ruber IB 


Complete 


Aleshchenkova et al. (1997) 


DIBP 


P. fluorescens FSl 


Complete 


Zeng et al. (2004) 




Micrococcus sp. strain 12B 


Complete 


Laton and Ribbons (1982) 


DEHP 


Acinetobacter sp. 


Complete 


Hashizume et al. (2002) 


DBP 


Acinetobacter sp. 


Complete 


Hashizume et al. (2002) 



Karpagam and Lalithakumari 1999, Lefevre et al. 1999, Sharanagouda and 
Karegoudar 2000, Eaton 2001, Niazi et al. 2001, Hashizume et al. 2002, Kim 
et al. 2002, Tserovska and Dimkov 2002). 

Kim et al. (2002) reported that one of the fungi species, Fusarium oxysporum, 
exhibited a stronger degradation ability for BBP biodegradation. BBP 
was hydrolyzed by esterase and formed oxo-bridge structure within the 
1,3-isobenzofurandione (IBP). IBP underwent hydrolysis by two pathways, 
esterase or cutinase, according to the report. However, the process by cutin- 
ase indicated a higher efficiency than the esterase. Almost 60% of the BBP 
was degraded in 7.5 h by the cutinase process. One notable phenomenon 
was that during the IBP degradation process certain amount of dimethyl- 
phthalate was formed. 

Rhodococci were isolated from a phthalate-contaminated soil and demon- 
strated to be capable of degrading DMIP and DAIP (Aleshchenkova et al. 
1997). Meanwhile, Rhodococcus ruber IB and Rhodococcus erythropolis lOOB 
mineralized DAIP 0.2% in 72h and 0.5% in 168 h. 

In 1982, Eaton reported a study on the DBP biodegradation by Micrococcus 
sp. strain 12B. Micrococcus sp. strain 12B isolated from compost obtained at 
Pennsylvania was found to be capable of causing a complete degradation of 
DBP. The substrate was transformed to phthalate and then to protocatechuate. 
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which was mete-cleavaged in the following process. Acinetobacter Iwoffii 
isolated from Tempaku River was investigated by Hashizume et al. (2002). 
They reported that this strain was able to degrade DBF at an initial concen- 
tration of 20 pg/mL. 

Micrococcus sp. from soil mineralized DEP quickly, when the DEP was 
used as the sole carbon and energy source (Karegoudar and Pujar 1984); 0.2% 
of substrate DEP was mineralized in only 2 days, with the bacterial growth 
reaching up to OD 1.85 at the same time. DEPs were also found degraded 
in soil samples containing bacteria of Aureobacterium saperdae, Flavobacterium 
aquatile, and Micrococcus keristinae (Jackson et al. 1996). 

Several bacteria were identified while hydrolyzing diethyl terephthalate 
(DETP) and included 13 strains of Rhodococcus rhodochrous and 1 Xanthomonas 
maltophila (Jackson et al. 1996). However, the DETP was only hydrolyzed to 
monoester, without further utilization by bacteria. 

In the case of DMP, the simplest form of phthalate esters, there are a num- 
ber of studies describing various microorganisms utilizing this chemi- 
cal, including bacteria, fungi, and algae. Both Pseudomonas fluorescens and 
Pseudomonas testosteroni can use DMP as a sole carbon and energy source, 
with distinct benzene ring cleavage pathway (Keyser et al. 1976). Eaton and 
Ribbons (1982) described that Micrococcus sp. strain 12B can mineralize DMP 
with a main pathway and a minor pathway. Another Gram-positive bacte- 
rium, Bacillus sp., was also found to degrade DMP when DMP is used as a 
sole carbon and energy source (Niazi et al. 2001). P. fluorescences was used to 
degrade several different PAEs, including DMP (Zeng et al. 2004). Other than 
bacteria, the fungi and algae presented their capability to hydrolyze DMP 
Green alga Dunaliella tertiolecta hydrolyzed DMP to the product PA with the 
maximum tolerance level reaching up to 300mg/L concentration (Yan and 
Liu 1998). No further degradation of phthalic acid was mentioned in this 
report. Another study reported that Aspergillus niger, one of the fungal spe- 
cies, can also metabolize DMP (Sharanagouda and Karegoudar 2000). The 
aromatic intermediates of monomethyl phthalate, phthalate, and protocat- 
echuate were yielded by the strain, followed by ortfto-cleavage process. 

For DMIP, P. testosteroni was described as having the ability to miner- 
alize (Keyser et al. 1976). DMIP was transformed to isophthalate by this 
strain, followed by the intermediate protocatechuate. Before the forma- 
tion of protocatechuate, one possible intermediate was speculated to be 
4-hydroxyisophthalate, which is produced by isophthalic acid grown cells. 
In another report, Rhodococcus ruber IB and R. erythropolis 5D completely 
degraded DMIP at 0.2% concentration in 168 h (Aleshchenkova et al. 1997). 

P. testosteroni was found to be able to degrade all the three PAE isomers. 
The strain transformed DMTP to protocatechuate, but the process of trans- 
formation from terephthalic acid to protocatechuate was not mentioned in 
the report (Keyser et al. 1976). The bacterium Comamonas acidovorans was 
described in the article (Patel et al. 1998). About 0.5% (w/v) concentration of 
DMTP was mineralized by this strain in 72 h (Patel et al. 1998). C. acidovorans 
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was also described in another report as having the ability to utilize phthalic 
acid as the sole carbon and energy source (Wang et al. 2003). Some fungi have 
been described as the species having the ability to hydrolyze and degrade 
DMTP (Sivamurthy et al. 1991, Ganji et al. 1995). They included A. niger and 
Sclerotium rolfsii. A. niger metabolized DMTP via monoester, terephthalic acid, 
protocatechuate, and further benzene ring cleavage. However, Sclerotium 
rolfsii only hydrolyzed DMTP to terephthalic acid without further ability to 
complete the ring cleavage. 



Consortium Degradation 

Although many microorganisms are capable of mineralizing PAEs, a 
majorify of fhem do so only parfially. Some can hydrolyze fhe diesfer fo 
monoesfer, ofhers only mefabolize acid phfhalic and do nof have fhe abilify 
fo hydrolyze esfers. However, fhe consorfium consisfing of various sfrains 
fogefher revealed beffer abilify fo complefe fhe biodegradafion process. 
Goud ef al. (1990) reporfed abouf using a mixed culfure of bacferia includ- 
ing Pseudomonas sp., Aeromonas sp., Arhtrobacter sp., and Bacillus sp., fo 
degrade fhe wasfe wafer effluenf from a DMTP planf. The wasfe wafer con- 
fained chemical oxygen demand (GOD) 80,000 mg/L, in which up fo 86% 
GOD and 95% biochemical oxygen demand (BOD) were reduced in 48 h. 
The consorfium of Arthrobacter sp. and Sphingomonas paucimobilis degraded 
fhe DMP in concerf (Vega and Basfide 2003). Arthrobacter sp. was shown 
fo mefabolize DMP direcfly; however, fhe monomefhyl phfhalafe, a com- 
mon infermediafe, remained unchanged. Anofher infermediafe phfhalic 
acid was able fo be cafabolized. S. paucimobilis was fesfed for ifs abilify fo 
hydrolyze MMP fo PA and complefely degrade PA. However, S. paucimo- 
bilis could nof hydrolyze DMP fo MMP, which was, however, performed 
well by Arthrobacter sp. Therefore, in order fo achieve beffer resulfs in fhe 
eliminafion of DMP, fhe applicafion of a consorfium of microorganisms 
was proposed. However, anofher reporf showed a conflicfing resulf abouf 
Arthrobacter sp. used in fhe hydrolysis of MMP. Arthrobacter keyseri 12B was 
demonsfrafed capable of fransforming a number of phfhalafe analogues, 
including monomefhyl phfhalafe, fo phfhalafe (Eafon 2001). Wang ef al. 
(2003) invesfigafed fwo consorfia isolafed from acfivafed sludge and found 
fhaf fhe common species S. paucimobilis played an imporfanf role in fhe 
consorfia degradafion. The resulfs were similar fo fhose reached by Vega 
and Basfide (2003). 

Degradation Pathway and Enzymatic Mechanisms 

Other than searching for the bacteria with degradation ability, discovery of 
the pathway and enzymatic mechanism for the biodegradation process is 
largely important. Eor one chemical, there can be various pathways exist- 
ing in different microbial enzymatic systems. Even for the same species of 
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FIGURE 15.3 

The pathway of minor DMP biodegradation by Micrococcus sp. strain 12B. (I) dimethyl 
phthalate; (II) monomethyl phthalate; (III) 3,4-dihydro-3,4-dihydroxyphthalate-2-methyI 
ester; and (IV) 3,4-dihydroxyphthaIate-2-methyl ester. (From Eaton, R.W. and Ribbons, D.W., 
/. Bacteriol, 151(1), 465, 1982.) 



bacterium, different studies would exhibit distinctively different mechanisms 
for fhe same chemical. As a resulf, fhere are sfill many quesfions waifing 
fo be answered in ferms of microbial behaviors. Pseudomonads sp. capable 
of degrading DMP were isolafed from fhe environmenf (Keyser ef al. 1976), 
such as P. fluorescens PHK and P. testosteroni, which provide disfincfive pafh- 
ways fo fhe bacferia. Bofh sfrains had esferase fo hydrolyze fhe diesfer fo 
monomefhyl phfhalafe, and fhen fo orf/zo-phfhalic acid (Figure 15.3); ortho- 
Phfhalafe was fransformed fo 4,5-dihydroxyphfhalafe, befween which fhere 
was dihydrodiol, namely, ds-4,5-dihydroxy-4,5-dihydrophfhalafe yielded 
by phfhalafe 4,5-dioxygenase. The 4,5-dihydroxyphfhalafe was decarboxyl- 
afed fo form profocafechuafe, which was processed af differenf ring cleavage 
pafhways by fhese fwo sfrains. A. keyseri 12B adopfed a differenf pafhway 
via ds-3,4-dihydroxy-3,4-dihydrophfhalafe fo 3,4-dihydroxyphfhalafe, fhen 
fo profocafechuafe (Eafon 2001) (Figure 15.3). A minor degradafion pafhway 
for DMP was proposed via infermediafe 3,4-dihydro-3,4-dihydroxyphfhal- 
afe-2-mefhyl esfer fo form 3,4-dihydroxyphfhalafe-2-mefhyl esfer (Eafon and 
Ribbons 1982) (Figure 15.4). According fo Keyser ef al. (1976), P. testosteroni 
proceeded via meta-cleavage fo open benzene ring, whereas P. fluorescens 
proceeded via orf/zo-cleavage by profocafechuafe 3,4-dioxygenase fo form 
3-carboxy-ds, ds-muconafe, which was furfher fransformed generally fo 
(3-kefoadipafe (Figure 15.5). However, Keyser ef al. did nof give defailed 
informafion abouf fhe enzyme producing (3-kefoadipafe. The defail on 
fhe derivafives for 3-carboxy-ds, ds-muconafe was described in anofher 
reporf (Williams ef al. 1992), which menfioned fhe funcfion of enzyme 
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FIGURE 15.4 

The degradation pathway of protocatechuate. (A) A. keyseri 12B (From Eaton, R.W., /. Bacterial., 
183(12), 3689, 2001.) and P. testosteroni (From Keyser, P. et al.. Environ. Health Perspect., 18, 159, 
1976.) degradation pathway; (B) P. fluorescens (From Keyser, P. et al.. Environ. Health Perspect., 
18, 159, 1976) degradation pathway. (I) protocatechuate; (II) 2-hydroxy-4-carboxymuconic 
semialdehyde; (III) 2-hydroxy-4-carboxymuconic semialdehyde-hemiacetal; (IV) 2-pyrone-4,6- 
dicarboxylate; (V) 4-oxalomesaconate; (VI) 4-oxalocitramalate; (VII) oxaloacetate; (VIII) pyru- 
vate; (IX) 3-carboxy-cis, cis-muconate; and (X) p-ketoadipate. 
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FIGURE 15.5 

The pathway of DMTP biodegradation by A. niger. (I) dimethyl terephthalate; (II) mono- 
methyl terephthalate; (III) terephthalic acid; and (IV) protocatechuate. (From Ganji, S.H. et al.. 
Biodegradation, 6, 61, 1995.) 



3-carboxymuconate cycloisomerase, 4-carboxymuconolactone decarboxyl- 
ase, and (3-ketoadipate enol-lactone hydrolase in Pseudomonas putida. 

For the nonfluorescent strain P. testosteroni, protocatechuate was trans- 
formed by mete-cleavage by protocatechuate 4,5-dioxygenase to yield 
intermediate 2-hydroxy-4-carboxymuconic semialdehyde as a product of 
fhe ring cleavage. The 2-hydroxy-4-carboxymuconic semialdehyde was 
oxidized fo form fhree carboxyl groups (Keyser ef al. 1976). The process 
was explained in defail in ofher arficles, for differenf species of bacferia 
ufilizing profocafechuafe (Eaton 2001) (Figure 15.5). In fhese furfher oxida- 
fions, 4-oxalomesaconafe was produced by enzymes and fhen fransformed 
fo pyruvafe. 

Alfhough mosf of fhe evidence gafhered indicafed fhaf P. fluorescens can 
ufilize DMP as fhe sole carbon and energy source, fhere is one reporf fhaf 
showed confradicfory resulfs (Chauref ef al. 1995). If was found fhaf fhis 
sfrain indeed fransformed di-n-bufyl phfhalafe (DBF) fo phfhalafe; however, 
no degradafion of subsfrafe PA was observed, whereas fhe fragmenf of bufa- 
nol was ufilized as fhe sole carbon source. The mosf inferesfing parf of fhe 
reporf was fhaf fhe addifion of respirafion inhibifor, sodium azide, and a caf- 
ionic agenf, polymyxin B, increased fhe permeabilify of fhe oufer membrane 
of cells. As a resulf, fhe organic chemical enfered info fhe cell more easily, 
resulfing in a sharp increase of fhe primary degradafion. 

Meanwhile P. fluorescens was demonsfrafed fo degrade ferephfhalic 
acid (TA) (Karpagam and Lalifhakumari 1999). According fo fhe reporf. 
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FIGURE 15.6 

The pathway of degradation of isophthalic acid. (I) isophthalic acid; (II) 4-hydrogen-3, 
4-dihydroxyisophthalate; (III) protocatechuate; and (IV) 3-hydroxybenzoic acid. 



TA degradation followed the mete-cleavage process similar to other 
nonfluorescent bacteria, which meant that under different substrate con- 
dition it is possible for P. fluorescens to follow the meta-cleavage, in con- 
tradiction to what was described by Keyser et al. (1976) in which only the 
nonfluorescent bacteria could follow the mete-cleavage. Some fungal species 
were found to metabolize DMTP as a sole carbon and energy source, such 
as A. niger (Ganji et al. 1995) (Figure 15.6). These species transform DMTP 
to monomethyl phthalate and then to the corresponding acid. The acid was 
oxidized by dioxygenase to form protocatechuate, which was further cleav- 
aged by 3,4-dioxygenase. 

For DMIP degradation, there were many strains that were shown to 
secrete esterase to hydrolyze DMIP to monomethyl isophthalate (MMIP) 
and further to isophthalate or isophthalic acid (lA). The lA degradation 
was a key step to perform in the whole mineralization process. P. testos- 
teroni utilized lA as a sole carbon and energy source (Keyser et al. 1976). 
In the transformation process, the common intermediate protocatechuate 
was produced via an unconfirmed intermediate 4-hydroxyisophthalate, 
which was not observed for phthalate or terephthalate degradation. Babu 
and Vaidyanathan (1982) isolated a soil bacterium degrading isophthal- 
ate and postulated that another degradation pathway exists (Figure 15.7). 
Isophthalate was oxidized by isophthalate 3,4-dioxygenase to form the 
proposed 4-hydrogen- 3,4-dihydroxyisophthalate. Furthermore, the pro- 
tocatechuate was yielded and cleavaged by ort/zo-fission. One interesting 
phenomenon was the production of 3-hydroxybenzoic acid, which was 
metabolized via gentisic acid in the bacterium. However, the addition 
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Acetyl CoA + succinate 



FIGURE 15.7 

The pathway of meta-phthalate diester biodegradation by Rhodococcus spp. (I) mcfa-phthalate 
diester; (II) ineto-phthalate monoester; (III) isophthalic acid; (IV) benzoic acid; (V) para- 
hydroxybenzoic acid; (VI) protocatechuate; (VII) pyrocatechol; and (VIII) 3-ketoadipic acid. 
(From Aleshchenkova, Z.M. et al.. Microbiology, 66(5), 515, 1997.) 



of acid into 4-hydrogen-3,4-dihydroxyisophthalate also resulted in the 
nonenzymatic degradation to form 3-hydroxybenzoic acid. Rhodococcus, 
including R. ruber and R. erythropolis, were found to be able to degrade 
DMIP (Aleshchenkova et al. 1997) (Figure 15.7), but their degradation 
pathways including the two parts were quite different from what was 
described earlier. In one of the pathways, the strain was decarboxylated 
from lA to benzoic acid, instead of being oxidized to protocatechuate 
directly. The benzoic acid was transformed to 4-hydroxybenzoic acid and 
then to protocatechuate. For another part, benzoic acid was first trans- 
formed to pyrocatechol and found to go through further degradation in 
the process. 
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Measurements for Biodegradation 

For screening the microbial growth, some studies measured the oxygen 
uptake in the aerobic degradation process. Aichinger et al. (1992) conducted 
a research to develop a respirometric protocol for detecting low-soluble 
organic compounds. They used a modified model to simulate the relation- 
ship between substrate concentration, biomass concentration, and oxygen 
uptakes. The results showed that the protocol can only be applied when the 
concentration of a chemical was below its solubility limit. The proportion 
of organic chemicals above the solubility limit cannot be determined with 
precision. This restricted the protocol's application. 

However, if the measurement of oxygen consumption is to be viewed as 
the sole evidence of microbial growth, it is useful to record oxygen uptakes 
as demonstrated in other studies (Wang et al. 1999, Juneson et al. 2001, Wang 
2004). Wang et al. (1999) used calcium alginate gel beads to immobilize 
microorganisms to degrade DBF. The oxygen consumption indicated that 
the immobilized cells absorbed oxygen at a lower rate than the free cells with 
reduced available oxygen. Juneson et al. (2001) measured oxygen uptakes 
to confirm whether the sequencing batch reactor (SBR) system has a higher 
degradation rate than standard batch reactor and found evidence affirm- 
ing the higher degradation rate possible with using the SBR. Wang (2004) 
also compared the degradation ability of unacclimated activated sludge ver- 
sus acclimated activated sludge. The results showed that activated sludge 
eliminated higher COD when acclimated in 300mg/L and that it was able 
to degrade DBF better than the unacclimated activated sludge. The unac- 
climated activated sludge was found to inhibit the oxygen uptake process 
when the DBF concentration is at a higher level. However, the opposite was 
found for to be the case for acclimatedly activated sludge; the uptake rate 
slightly increased with the rise of substrate concentration. Sharanagouda and 
Karegoudar (2000) used fungal strain A. niger to degrade DMF and proved 
that the cell grown with DMF as a sole substrate had a higher oxidation abil- 
ity than those grown in glucose, by measuring the oxygen consumption. 

The CO 2 evolution test is frequently used as part of the biodegradation 
experiment to evaluate the extent of degradation process. Gledill (1975) 
mentioned CO 2 evolution can assess the ultimate level of biodegradation 
(Sharanagouda and Karegoudar 2000). Sugatt et al. (1984) determined 14 
biodegradable FAEs, on the basis of shake-flask CO 2 evolution. The level of 
BBF and DTDF found was no more than 80% for primary degradation and 
50% for ultimate degradation. The primary degradation was expressed by 
the loss of FAEs during the degradation process, and the ultimate deg- 
radation was expressed by the difference between the percentage of CO 2 
actually measured and the theoretical CO 2 value set for the experiment. 
Comparison of these results indicated the existence of an important 
relationship between bacterial utilization and chemical degradation. 
Recently, an improvement on the CO 2 evolution test method was proposed 
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(Strotmann et al. 2004). The improved test system was found to be more 
suitable for poorly wafer-soluble and high-volafile chemicals. 



Anaerobic Degradation 

Aparf from aerobic degradafion, some of fhe sfudies focused on bioremedia- 
fion under anaerobic condifion. The main anaerobic biodegradafion mefhods 
involve using acfivafed sludge, acclimafed acfivafed sludge, biomass supporf 
parficles, and mefhanogenic consorfia fo degrade several PAEs, including 
DMP, DMIP, and DMTP As early as 1985, acfivafed sludge applied fo degrade 
commercial phfhalafe esfers was reporfed by O'Grady ef al. The procedure 
was designed using fwo differenf fesfs, a semiconfinuous acfivafed sludge 
fesf and an acclimafed 19 day die-away procedure (O'Grady ef al. 1985). The 
resulfs showed fhaf wifhin 5 days mosf of fhe PAEs could be eliminafed down 
fo less fhan 20% of fhe original level, demonsfrafing fhaf mosf of fhe PAEs, 
including DMP, DEP, and DEHP, were eliminafed by fhe acfivafed sludge. 
Defailed kinefics of anaerobic degradafion by fhe acclimafed acfivafed sludge 
was presenfed in anofher sfudy (Wang ef al. 1996b). DMP showed fhe fasf- 
esf degradafion rafe wifh (0.033/h) and fj/j (21.0 h), buf di-n-ocfyl phfhal- 
afe (DnOP) was found having fhe slowesf degradafion rafe. Apparenfly, fhe 
kinefics consfanf of biodegradafion was found fo be correlafed fo fhe kinef- 
ics consfanf of hydrolysis rafe. Ofher new fechniques like biomass supporf 
parficles were also infroduced in fhe freafmenf of organic pollufanfs. The 
bacferial biomass was immobilized fo be applied in fhe bioreacfors on sup- 
porf parficles such as polyurefhane reficulafed foam. Sharma ef al. (1994) 
reporfed fhe exisfence of high levels of GOD on fhe basis of an experimenf 
conducfed using wasfewafer flux from a DMTP manufacfuring planf. The 
biomass supporf parficles were applied fo freaf fhe wasfe wafer oufflow. The 
sysfem had a longer sludge refenfion fime (SRT) fhan fhe unsupporfed bio- 
mass parficles, which implies a higher tolerance fo fhe foxicify of fhe oufflow. 
Alfhough no concenfrafion of DMTP was sfafed in fhe reporf, biomass sup- 
porf parficles could be applied fo degrade various PAEs, including DMTP. 

Several works regarding fhe anaerobic degradafion of phfhalafe iso- 
mers by consorfia were published in 1999 (Kleerebezem ef al. 1999a,b,c,d). 
In one such work, orf/io-phfhalafe, isophfhalafe ferephfhalafe, DMP, DMTP, 
para-foluafe, and para-xylene were all tested for fheir biodegradabilify by 
fhe anaerobic consorfium (Kleerebezem ef al. 1999b). Resulfs showed fhaf 
fhree isomers, namely, dimefhylphfhalafe, isophfhalafe, and ferephfhal- 
afe, are fhe subsfrafes fhaf had differenf a lag phase and in fhe sequence 
dimefhylphfhalafe < ferephfhalafe < isophfhalafe occurring over a period of 
17-156 days. This sequence mighf reflecf fhe mefhanogenic acfivify of culfures 
fhaf degrades fhese fhree isomers and is closely related fo fhe amounfs of 
fhese isomers appearing in fhe environmenf. Por exploring fhe infernal rela- 
fionship among differenf species and fheir confribufion in fhe cooperafion, 
Kleerebezem conducfed a broad invesfigafion on fhe anaerobic biodegradafion 
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process, particularly analyzing the role of different species in the system, the 
energetic influence, and fhe infermediafe benzoafe effecf. Various species 
played specific roles in fhe whole consorfia. Cerfain species only degraded 
corresponding fo fhe presence of phfhalafe isomer, regardless of whefher fhe 
ofher fwo isomers are presenf or nof (Kleerebezem ef al. 1999c). The synfrophic 
collaborafion befween fhe phfhalafe-degrading bacferia and fhe mefhanogens 
were confirmed in fhe reporf. Because yielding acefafe in fhe fransformafion 
process is fhermodynamically unfavorable, fhe acefoclasfic mefhanogens and 
hydrogenofrophic mefhanogens, which produce a negafive value of Gibbs 
energy, were found fo be indispensable. Phfhalafe fermenfafion produced a 
large amounf of acefic acid and hydrogen. This process generafed posifive 
Gibbs energy, which meanf fhe normal fermenfafion reacfion could nof be car- 
ried ouf successfully. For bacferia, one way fo affain fhe energy is fhrough ace- 
foclasfic mefhanogens and hydrogenofrophic mefhanogens, fhrough which 
fhe whole mefhanogenic reacfion can move from phfhalafes fo acefic acid/ 
hydrogen and fhen fo mefhane. This supporfs fhe poinf of view fhaf bacferia 
need mefhanogens fo remove degradafion infermediafes including acefic acid 
and hydrogen and furfher aid fhe anaerobic biodegradafion process, which is 
a more subfle conclusion drawn from fhe resulfs. In anofher reporf, bromoefh- 
anosulfonafe was applied as mefhanogen inhibitor for exploring fhe benzoafe 
oxidafion and reducfion equilibrium (Kleerebezem ef al. 1999a). The resulfs 
showed fhaf fhe benzoafe oxidafion and reducfion were rafher comparable. 
Thus, fhe Gibbs free energy change for carboxycyclohexane oxidafion was 
close fo 0 kj/mol, which equalized fhe value of benzoafe oxidafion minus value 
of reducfion. Meanwhile, fhe resulf proved a fhreshold of abouf -30kJ/mol 
for fhe oxidafion of benzoafe. However, if was found fhaf fhe infermediafes 
produced in fhe degradafion process could inhibif fhe eliminafion of parenfal 
compounds. The appearance of benzoafe and acefafe was demonsfrafed fo be 
capable of inhibifing and inacfivafing fhe sfrain wifh degradafion abilify in 
anaerobic consorfium (Kleerebezem ef al. 1999d). 



Marine Microorganisms 

The bacferia menfioned earlier were isolated mainly from fhe sedimenfs of 
leaching sife, landfill, or rivers. Aparf from fhese sources, marine wafers and 
sedimenfs are ofher sources possible for isolafing microbes, which are able fo 
degrade organic chemicals, like polychlorinated biphenyl (PGB), polycyclic 
aromafic hydrocarbon (PAH), and phfhalic acid esfers (PAEs). Marine bacferia 
were favored for fheir chemorecepfion abilify in responding fo fhe chemical 
signals in fhe marine environmenf (Mifchell ef al. 1972). Thus, bacferia living 
in fhe high-salf and low-femperafure condifion may affenuafe and remedi- 
afe organic pollufanfs in fhe ocean nafurally. Marine bacferia were isolated 
and enriched fo degrade surfacfanfs, such as sulfonafed alkylbenzenes and 
para-sulfophenyl carboxylic acid (Sigoillof and Nguyen 1990). Alfhough fhese 
organic surfacfanfs did nof fall info fhe category of persisfenf polyaromafic 
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hydrocarbons, the results of this study showed that the bacteria from fhe 
seawafer could be enriched and incubafed in fhe normal medium fo ufilize 
alkyl chain hydrocarbons as a sole subsfrafe. Moreover, Pseudomonas spp. 
and Rhodococcus spp. sfrains in fhe marine environmenf were demonsfrafed 
fo be capable of degrading crude oil (Sorkhoh ef al. 1990). 

Polycyclic aromafic hydrocarbon (PAH) was one class of dominanf 
organic pollufanf, reaching fo fhe marine environmenf mainly fhrough 
wasfewafer freafmenf plan! and fhe combusion of indusfrial discharge, in 
fhe pasf decades, many bacferial sfrains were found and were applied in 
fhe bioremediafion of PAH in fhe marine environmenf (Hayes ef al. 1999, 
Poefon ef al. 1999, Juhasz and Naidu 2000). A defailed review is avail- 
able on fhe microbial communifies in fhe oil-confaminafed seawafers 
(Harayama ef al. 2004). Several species, including Pseudomonas, Vibrio, and 
Flavobacterium, were recognized as fhe common microbes in fhe marine 
environmenf. Ofher uncommon species like Cycloclasticus oligotrophus were 
also isolafed for fheir PAH degradafion abilify (Wang ef al. 1996a). 

There are many sf udies based on fhe microorganisms enriched from marine 
wafers and sedimenfs, some of which were novel species. If is very inferesfing 
fhaf marine bacferia having specialized degradafion capabilify can be applied 
fo biodegrade PAEs in fhe environmenf (Xu ef al. 2005). However, fheir degra- 
dafion capabilify and possible biochemical pafhway sfill need sfronger proof 
by way of furfher invesfigafion. Fufure research in fhis regard mighf yield 
crifical informafion fhaf will help close fhe knowledge gaps befween fhe 
fields of marine microbiology and bioremediafion applicafion. 



Conclusions 

Phfhalafe esfers as environmenfal pollufanfs will likely sfay wifh us for a 
long fime. Therefore, fufure research in fhis regard should focus on fheir bio- 
degradafion capacify and effecfs on fhe human healfh and fhe environmenf. 
Newly available informafion has shown fhaf degradafion of organic com- 
pounds in fhe environmenf is a concerfed acfivify of a group of microorgan- 
isms, offering an ecological view of fhe degradafion communify. Esferases 
are much more diversified and specific fhan whaf was fhoughf previously. 
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Mixed Contaminants 

Any combination of two or more chemical substances, regardless of source 
or of spatial or temporal proximity that can influence the risk of chemical 
toxicity in the target population, is defined as a mixture of contaminants 
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(US EPA 1986). The sites contaminated with mixtures are therefore complex, 
multicomponent systems with a range of differenf organic and inorganic 
chemicals coexisfing under various physiochemical condifions (Thavamani 
ef al. 2011). Alfhough some pofenfial environmenfal hazards involve sig- 
nificanf exposure fo only a single chemical compound, mosf insfances of 
environmenfal pollufion involve concurrenf or sequenfial exposures fo a 
mixfure of compounds fhaf may induce similar or dissimilar effecfs over 
exposure periods ranging from shorf ferm fo lifefime. 

Mixed confaminafion could be due fo fhe occurrence of organic-organic 
(e.g., pesficides plus fheir mefabolifes), organic-inorganic (e.g., DDT-As), and 
inorganic-inorganic (e.g., sewage sludge confaining several heavy mefals) 
chemicals. Mixfures of compounds fhaf are placed in fhe same area for dis- 
posal or storage have fhe pofenfial in causing foxicify fo biofa because of 
fhe combined effecf of pollufanfs (US EPA 2000). Mulfichemical exposures 
are ubiquifous including air and soil pollufion from municipal incinera- 
fors, leakage from hazardous wasfe facilifies and unconfrolled wasfe sifes, 
and drinking wafer confaining chemical subsfances formed during disin- 
fecfion. Manufacfured gas planf (MGP) sifes confain mixed confaminanfs 
of organic and inorganic chemicals such as polyaromafic hydrocarbons 
(PAHs) and mefals, and fhe remediafion of fhese sifes is more complex and 
challenging. This chapfer focuses on mixed confaminafion of MGP sifes, 
wifh special emphasis on issues such as bioavailabilify and foxicify associ- 
afed wifh bioremediafion of fhose sifes. 



Sites with Mixed Contaminants 

Almost all the contaminated sites have more than one type of pollutants. 
In fact, 40% of the hazardous waste sites in the National Priority List (NPL) 
of the U.S. Environmental Protection Agency are contaminated with mix- 
tures of metals and organic pollutants (Sandrin et al. 2000). Metals most 
frequently found at Superfund sites include arsenic, barium, cadmium, 
chromium, lead, mercury, nickel, and zinc. Gommon organic contaminante 
include petroleum, chlorinated solvents, and pesticides, hollowing are 
some of the identified sites contaminated with such mixtures worldwide: 



Manufacture gas plant sites 
Petrochemicals units 
Sheep and cattle dip sites 
Wood preservation sites 
Electronic waste processing sites 
Military sites 



— PAHs and metals 

— TPHs and metals 

— DDT and As 

— Greosote (PAHs), Gu, Gr, and As 

— PAHs, PGBs, and metals 

— Nitro compounds and As 
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Railway corridors 
Urban runoff 
Roadside soils 

Contaminafed river sedimenfs 
Sewage sludge 



— PAHs, TPHs, and metals 

— TPHs, PAHs, and metals 

— PAHs and Pb 

— PAHs, PCBs, and metals 

— PAHs and metals 



Most sites included in the NPL are complex, requiring remediation for more 
than one type of contaminant groups, 24% of the sites contain two contam- 
inant groups, and 52% contain three groups (Figure 16.1). These contami- 
nants are not necessarily in the same contaminated medium. Halogenated 
VOCs (volatile organic compounds) are by far the most common subgroup 
of organic contaminants, followed by BTEX (benzene, toluene, ethylbenzene, 
and xylenes), nonhalogenated VOCs, PAHs, nonhalogenated SVOCs (semi- 
VOCs), phenols, pesticides and PCBs, and metals, including lead, arsenic, 
chromium, cadmium, zinc, nickel, and other less frequently found metals 
(US EPA 2004). 



Others 

2 % 
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SVOCs 
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FIGURE 16.1 

Frequencies of major contaminant groups at NPL, United States. (Modified from US 
Environmental Protection Agency, Cleaning up the Nation's wastes sites: Markets and 
technology trends. Office of Solid Waste and Emergency Response, US EPA, Washington, 
DC, 2004.) 
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MGP Sites 

History 

The MGP is an industrial facility at which gas was produced from coal, oil, 
and ofher feedstock. For a period of over 100 years, MGPs were an imporfanf 
parf of life in cifies and towns fhroughouf fhe world. By fhe furn of fwen- 
fiefh cenfury, almosf every cify in fhe Unifed Sfafes had af leasf one MGP 
According fo U.S. EPA reporf, 50,000 planfs were builf over 140 years of gas 
producfion (US EPA 2004). Mosf of fhe MGPs were located adjacenf fo water- 
ways and rail spurs for easy access fo coal (El Digesf 1995). As fhe technology 
developed, if became a common source of lighf, heaf, and fuel for a variefy 
of indusfrial and commercial facilifies, and residences. After elecfricify and 
nafural gas became common afferward, many of fhe larger MGP proper- 
fies were converted for new uses by fhe facilifies and ofher companies fhaf 
owned fhem. In addifion fo fhe commercial MGPs, many railroad companies, 
milifary insfallafions, large insfifufions (e.g., hotels, hospifals, prisons, and 
schools), indusfrial facilifies, and large privafe homes were equipped wifh 
gas planfs (Herifage Research Genfer 2002). By fhe early 1940s, nafural gas 
became more cosf-effecfive compared fo MGP gases, and MGP producfion 
declined rapidly. Af fhis poinf, MGPs were closed, sold, or decommissioned. 
In fhe absence of sfricf environmenfal regulafions, MGP process residuals, 
by-producfs, and wastes remained af fhe former MGPs. The manufacfuring 
pracfices fhus leff an environmenfal legacy of hazardous wasfe confamina- 
fion in soil and wafer ecosysfems around MGPs. 



Typical MGP Process and the Residuals 

A typical manufactured gas production involves three processes — coal car- 
bonization, carbureted water gas, and oil gas (New York State Department of 
Environmental Gonservation [NYDEC] 2003). When the coal is heated under 
anoxic conditions (carbonization), volatile products are driven off as gas that 
is collected, purified, and delivered. The solid remains after carbonization 
can be burnt at high temperature to yield coke. Garbureted water gas or 
"blue gas" is produced by passing steam through a bed of incandescent car- 
bon. The resultant gas (mixture of methane and carbon monoxide) is further 
reacted with light oil petroleum products to produce a gas of higher calo- 
rific value. In the production of oil gas similar to the carbureted water-gas 
process, oil is added to the reactor to generate more heat. The oil vapors are 
thermally cracked and fixed into gases (Luthy 1994, US EPA 2004). 

All the three gas manufacturing processes described earlier left various 
hazardous process residuals, and a typical MGP has several remnant struc- 
tures. Generally, coal is stockpiled on-site for considerable length of time dur- 
ing the periods of less demand. Leachates from these sources contain heavy 
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metals, sulfides, and some hydrocarbons. Surface confaminafion by coal and 
coke may also be expecfed. The reforf houses on-sife are loaded wifh coal and 
heafed for several hours fo drive off all volafile maferial, resulfing in coke 
fhaf is removed from fhe reforf. Solid process residuals, leff in reforf houses, 
include ash, clinker, and coke. The carburefed wafer-gas process residuals 
include clinker and wasfewafer confaining lighfer pefroleum hydrocarbons 
and mefals (NZ MFE 1997). Nickel, uranium, and vanadium cafalysfs are 
often leff on-sife where oil gas producfion fakes place. Tanks and pipe works 
leff on-sife affer decommissioning may confain residual maferial. Old gas 
mains are somefimes used on-sife as convenienf recepfacles for wasfe holder 
oil and wafer during decommissioning. MGP residuals are found bofh in 
surface and subsurface soils; far often is presenf in deep subsurface soils 
due fo verfical migrafion along preferenfial pafhways (Sharon and Dennis 
Unifes 1998). 



Contaminants of Concern in MGP Sites 

The gas manufacturing processes in the past resulted in a variety of residu- 
als, some of which were converted to by-products, while other hazardous 
materials were managed as wastes. The detailed processes and generation 
of wastes are shown in Table 16.1. Contamination of soil and groundwater 
in MGP sites is dominated by six primary classes of chemicals (Luthy 1994, 
Middleton 1995, Pradhan and Srivastava 1997), which include the following: 

• PAHs 

• Volatile aromatic compounds (VACs) 

• Metals (arsenic, chromium, copper, lead, nickel, and zinc) 

• Phenolic compounds 

• Inorganic nitrogen (including cyanide compounds) 

• Inorganic sulfur 

Each of these wastes is made of hundreds or thousands of different 
chemicals (Table 16.2). These chemicals are used in manufacturing or 
are produced as wastes, individually or collectively, in industries such as 
petroleum refineries, wood treatment and preservation, coke manufactur- 
ing, gas plant facilities, and synthetic fuel production (Knight et al. 1999). It 
was a common practice to dump coal tar and other wastes into on-site pits 
or ponds, bury, or use as fill to adjust the grade of the gas yard. The gas 
manufacturing process also involved the use of wood chips and iron filings 
to remove sulfur and cyanide from the gas. These chips and filings were 
disposed off in pits or buried. As a result of these practices, wastes from 
manufactured gas processing can be found in soil, sediment, groundwater, 
and surface water (Eischer et al. 1999, US EPA 2004). 
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TABLE 16.1 



Summary of the Principal Waste Types at Gasworks Sites 



Principal Waste Type 


Source 


Contaminants 


Coal tar 


Separated from gas and liquors at 


PAHs 


Tar oils 


various stages of the purification 


Petroleum hydrocarbons. 




processes 


including BTEX 
Phenols 

Complex cyanides 


Spent oxides 


Used to remove sulfur during gas 


Free cyanides 




purification 


Metals 


Coke, coke breeze, ash. 


By-products and furnace residues 


PAHs 


clinker residues 




Metals 


Light oils 


Light oils used around all 


Petroleum hydrocarbons 




machinery and as scrubbing agent 
in recovery process 


(including BTEX) 


Drip oils 


Drip oils condensed from gas 




Ammoniacal wastes 


Nitrogen removal during gas 


Phenols, nitrates, sulfates. 




purification processes 


sulfides, PAHs 


Asbestos 


Used as lagging around many of the 
"hot" processes and pipes 


Asbestos 


Pb, mercury, Zn 


Pb from batteries, pipelines, paints, 
etc. Mercury sometimes used in 
metering switches 


Metals 



Source: New South Wales Environmental Protection Agency (NSW EPA), Information about 
assessing gasworks sites. Department of Environment and Conservation, New South 
Wales, Australia, http:/ /www.environment.nsw.gov.au/clm/gasworksassessment. 
html, 2005. 



Coal or water-gas tar, the primary by-products of gas manufacture from 
MGP sites, are of particular concern because elevated PAH concentrations 
and tar form a dense nonaqueous phase liquid (DNAPL) that is capable of 
migrating downward in the subsurface below the water table. Thus, the sub- 
surface of old gasworks sites consists of a mixed fill contaminated with coal 
tar and its distillation products, organics, and heavy metals. The contami- 
nants are heterogeneously distributed, but are found throughout the area. 
Several authors reported the presence of PAHs and metals together in the 
former MGP sites (Thomas and Lester 1994, Haeseler et al. 1999, Reddy et al. 
2006, Thavamani 2010, Thavamani et al. 2011). The PAH concentrations in 
MGP sites varied from 150 to 40,000 mg/kg, and most of the studies reported 
a total PAH concentration >10,000 mg/kg (Table 16.3). PAHs are present in 
high concentrations in coal tars, up to 70%-80% by weight. Tar, pitch, and 
ash once spilt or deposited in/on the grounds persist for longer periods, 
mostly in the form of soil-polluted PAHs. The purifier waste of MGP sites 
often contains significant quantities of metals like cadmium, lead, arsenic, 
and zinc compounds. Inorganic contamination at the former gasworks sites 
usually occurs at or near the ground surface. Some metals can leach from 
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TABLE 16.2 



Principal Chemicals of Interest at Gasworks Sites 







Monocyclic 




Polycyclic 


Inorganic 


Metals and 


Aromatic 




Aromatic 


Compounds 


Metalloids 


Hydrocarbons 


Phenolics 


Hydrocarbons 


Ammonia 


Aluminum 


Benzene 


Phenol 


Acenaphthene 


Cyanide 


Antimony 


Ethyl benzene 


2-Methylphenol 


Acenaphthylene 


Nitrate 


Arsenic 


Toluene 


4-Methylphenol 


Anthracene 


Sulfate 


Barium 


Total xylenes 


2,4-Dimethylphenol 


Benzo(a)anthracene 


Sulfide 


Cd 






Benzo(a)pyrene 


Thiocyanate 


Chromium 






Benzo(b) 










fluoranthene 




Copper 






Benzo(g,h,i) 

perylene 




Iron 






Benzo(k) 










fluoranthene 




Pb 






Chrysene 




Manganese 






Dibenzo(a,h) 










anthracene 




Mercury 






Fluoranthene 




Nickel 






Fluorene 




Selenium 






Naphthalene 




Silver 






Phenanthrene 




Vanadium 






Pyrene 




Zn 






Indeno (1,2,3-cd) 










pyrene 



Source: New South Wales Environmental Protection Agency (NSW EPA), Information about 
assessing gasworks sites. Department of Environment and Conservation, New South 
Wales, Australia, http:/ /www.environment.nsw.gov.au/clm/gasworksassessment. 
html, 2005. 

the waste and contaminate groundwater and subsurface soil. The mobility 
of inorganic contaminants depends heavily on their solubility, and factors 
such as pH and presence of other chemical species affect the solubility and 
binding of contaminants to the soil. Shallow soil contamination by inorganic 
compounds can be extensive at the former gasworks sites (NSW EPA 2005, 
US EPA 2004). However, deeper contamination can be variable, depending 
on the volume and mobility of the source and the presence of preferential 
migration pathways (Thomas and Lester 1994). 



PAHs and Metals as Mixed Contaminants 

By far, two of the most abundant environmental pollutants found in large 
number of contaminated sites are PAHs and heavy metals such as cad- 
mium, lead, zinc, chromium, copper, and arsenic (Pischer et al. 1999). Heavy 
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TABLE 16.3 



Reported Concentrations of the PAHs and Metals Found in the 
MGP Site Soil 



PAH 


Concentration 
Range (mg/kg) 


Metal 


Concentration 
Range (mg/kg) 


Acenaphthene 


50-222 


Lead 


88-671 


Acenaphthylene 


50-623 


Cadmium 


8-112 


Anthracene 


55-181 


Zinc 


64^88 


Benz(a)anthracene 


66-82“ 


Chromium 


33-379 


Benzo(a)pyrene 


58-738 


Copper 


18-57 


Benzo(b)fluoranthene 


31-33“ 


Arsenic 


5-9 


Benzo(g,h,i)perylene 


23-30“ 


Manganese 


52-181 


Benzo(k)fluoranthene 


4.8-33“ 


Nickel 


10-230 


Chrysene 


33-748“ 






Dibenz(a,h) 


9.1“ 






anthracene 








Dibenzofuran 


7.7“ 






Fluoranthene 


55-1245 






Fluorene 


25-726 






Indeno(l,2,3-cd) 


12-21“ 






pyrene 








Naphthalene 


51-660 






Phenanthrene 


52-2738 






Pyrene 


55-1357 







Source: Thavamani, et al.. Environ. Int., 37, 184, 2011. 
® Reddy et al. (2006). 



metals and PAHs are frequently found fogefher as confaminanfs in soils and 
groundwafer af sifes of indusfrial operafions (Figure 16.2) such as MGPs, 
wood freafmenf, mefal finishing, pefroleum refining, and painf and auto- 
mobile manufacfuring planfs (Mueller ef al. 1989, Lufhy 1994, Kong 1998, 
Fischer ef al. 1999, Knighf ef al. 1999). Former MGPs fhus serve as fhe fypical 
examples for sifes wifh mixed confaminanfs fhaf confain bofh heavy mefals 
and PAHs. 

The PAHs, consisfing of more fhan 100 organic compounds, confain fwo 
or more fused aromafic rings and are released info fhe environmenf dur- 
ing incomplefe combusfion. They have high melfing and boiling poinfs, 
low vapor pressure, high lipophilicify, and very low solubilify in wafer. The 
PAHs, wifh fheir higher molecular weigh!, are hydrophobic and bind sf rongly 
fo soil parficles and have low solubilify These heavier PAHs are fherefore 
generally found af higher concenfrafions near fhe source of confaminafion, 
parficularly in surface soils. The lighfer and more soluble PAHs (e.g., naph- 
fhalene) are frequenfly defecfed in groundwafer, alfhough volafilizafion and 
leaching losses reduce fheir concenfrafions in surface soils. Alfhough fheir 
acufe foxic effecf is considered fo be moderafe fo low, fheir affinify fo lipids 




Mixed Contamination of Poly aromatic Hydrocarbons and Metals 



355 




Diffusion in pores 



Surface sorption 



Organic matter 



^ [ineral fraction 



[0 rganic matter 



Diffusion into rubbery surface 



Zn,Pb,Cd 



Heavy metals 

PAHs 



Water soluble fractions 
. ^ Zn.Pb.Cd 



Diffusion into glassy surface 



FIGURE 16.2 

Conceptual model of the occurrence of PAHs and metals in mixed contaminated soils. 



can cause bioaccumulation and even biomagnification through the food 
chain. Thirfy PAHs included in fhe WHO reporf (UNEP-ILO-WHO 1998) 
were idenfified wifh genotoxicify to animals, and 17 were suspected to be 
carcinogenic. Though PAH toxic effects toward animals are widely studied, 
their direct effects on plants are yet to be completely understood (Efroymson 
et al. 1997). The sites contaminated with PAHs and metals are considered dif- 
ficult to clean up using present bioremediation technologies because of fhe 
foxicify of heavy mefals fo microorganisms. 



Toxicity of PAHs and Metal Mixtures to Biota 

Contaminants in mixtures are known to interact with biological systems in 
ways that can greatly alter the toxicity of the individual compounds. Some 
mixtures of contaminants have higher toxicity than predicted (Tsiridis et al. 
2006). Thus, even if the characteristics of individual chemicals are known, 
their behavior in mixtures cannot be easily predicted. This situation sub- 
jects organisms in contaminated environments at maximum risk from their 
integrated effects. The majority of studies investigating metal-PAH joint 
toxicity toward various organisms suggest that contaminant interactions 
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occur frequently and arise through a variety of mechanisms. The differen- 
tial retention/efflux of contaminants caused by these mechanisms may alter 
exposure and hence the overall toxicity to organisms in natural environ- 
ments. Most of the studies indicated that the occurrence of synergistic toxic- 
ity between PAHs and metals may be predominant (Gust 2005). Therefore, 
metals may facilitate either synergistic or antagonistic toxic effects depend- 
ing on which reactions they affect during PAH metabolism. 

in addition to metals altering the toxicity of hydrocarbons, interactive tox- 
icity may also be elicited when hydrocarbons influence metal toxicity. For 
example, George and Young (1986) showed that the PAH 3-methylcholan- 
threne delayed the onset of metallothionein induction in plaice. Also, PAHs 
have been found to affect the bioaccumulation of metals. Fair and Sick 
(1983) found that the Black Sea bass, Centropristis striata, assimilated higher 
concentrations of Gd in various tissues from food (spiked oyster tissue) con- 
taining Gd and naphthalene compared to food containing Gd alone. Babu 
et al. (2001) found synergistic inhibitory effects on photosynthetic rate and 
plant growth in duckweed {Lemna gibba) when exposed to an oxygenated 
PAH (1, 2-dihydroxyanthraquinone) and Gu. The combined contaminants 
were found to dismantle the function of photosynthetic electron-transport 
chain, thereby severely inhibiting energy metabolism and growth. 



Microbial Mechanisms for Metal Resistance 

Microorganisms have coexisted with metals since the beginning of life, 
and essential metals are used for catalyzing key metabolic reactions and 
maintaining protein structures. Although metals are thought to inhibit the 
ability of microorganisms to degrade organic pollutants, several microbial 
mechanisms of resistance to metal are known to exist (Nies and Silver 1995). 
A breadth of microbial metabolic function is presumed to enhance resistance 
to environmental stress and disturbance. For protection against the toxic 
effects of heavy metals, bacteria can adapt diverse resistance systems that 
confer upon them a certain range of metal tolerances (Gadd 2010, Vails and 
Lorenzo 2002). Resistant mechanisms include intracellular and extracellular 
metal sequestration, metal reduction, metal efflux pumps, and production 
of metal chelators such as metallothioneins and biosurfactants. Despite the 
ubiquity and efficacy of microbial mechanisms for metal resistance, a few 
studies have attempted to exploit them to increase pollutant biodegradation 
in mixed contaminated systems. 

Generally, the decrease in metal concentration in microbial experiments 
could be the result of several known detoxification mechanisms such as (1) 
sorption of metals by the bacterial cells (Bollag and Duszota 1984), (2) energy- 
dependent accumulation of metals by the cells and subsequent interaction 
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FIGURE 16.3 

Microbial mechanisms for metal resistance and sequestration. (Modified from Gadd, G.M., 
Microbiology, 156, 609, 2010.) 

with metal-binding proteins (Hettiarachchi et al. 2000), and (3) conversion of 
soluble metals in the medium to insoluble forms via inferacfion wifh mefabo- 
lifes like exopolysaccharides. In response fo mefal foxicify, many microorgan- 
isms have developed unique mechanisms of resisfance and defoxificafion. 
These mechanisms may be infracellular or exfracellular and may be specific 
fo a parficular mefal or a general mefal inferacfion mechanism (Figure 16.3). 
Exfracellular molecules produced under mefal sfress by microorganisms 
may also provide general resisfance fo mefals. For example, siderophores, 
fhe iron-complexing low-molecular-weighf organic compounds produced by 
some microorganisms like cyanobacferia in fheir habifafs wifh low iron con- 
fenf, nof only facilifafe iron fransporf info fhe cell buf also inferacf wifh ofher 
mefals similar fo iron in chemisfry, such as Al, Cr, and Cu. Explorafion for 
microorganisms wifh pollufanf-degradafive capabilifies is needed for fheir 
pofenfial applicafion in remediafion of soils confaminafed wifh mixfures. 



Microbial Degradation of Organic Pollutants 
Direct Microbial Metabolism 

Roane and Pepper (1997) showed that the metal-resistant population could 
protect the metal-sensitive and organic-pollutant-degrading population 
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from metal toxicity. However, this study suggested staggered approach 
wherein 48 h time must be allowed for metal detoxification to occur before 
organic degradation could be observed. The viability of the population 
that degrades organic pollutant decreased when it was added to the sys- 
tem prior to metal detoxification. There are two widely observed processes 
for microbial detoxification of environmental pollutants: (1) many microor- 
ganisms are capable of degrading a variety of organic pollutants, and (2) 
a number of metal-resistant microorganisms are known to detoxify met- 
als, such as Cd, Hg, Pb, Zn, and Se (Roane et al. 2001). Exploring these two 
processes further by involving two different organisms (dual bioaugmen- 
tation) or one organism (metal-resistant and PAH-degrading) could be the 
viable bioremediation approach for soils contaminated with both PAHs 
and metals. The dual-bioaugmentation approach involves coinoculating a 
metal-detoxifying/resistant organism and an organic-pollutant-degrading 
organism that cooperatively functions to remediate both metal and organic 
pollutants in a mixed contaminated system (Roane et al. 2001). This can be 
achieved only by directing future research toward isolating and character- 
izing specialized microorganisms with abilities of both metal detoxification 
and degradation of organic pollutant. 

Pepper et al. (2002) reported that in mixed contaminated soils, cell bioaug- 
mentation that allows immediate degradation of the organic pollutant may 
be the viable technique. The study of Roane et al. (2001) on augmentation 
reported the potential of Cd-resistant microorganisms to reduce soluble Cd 
levels and to enhance degradation of 2,4-dichlorophenoxyacetic acid (2,4-D). 
Pseudomonas sp. strain HI and Bacillus sp. strain H9 possessing plasmid- 
dependent intracellular mechanism for Cd detoxification reduced soluble Cd 
levels by 36%. Both Arthrobacter strain D9 and Pseudomonas strain II produced 
an extracellular polymer layer that bound and reduced soluble Cd levels by 
22% and 11%, respectively. Although none of the Cd-resistant isolates could 
degrade 2,4-D, results of dual-bioaugmentation studies conducted with both 
the pure cultures in laboratory soil microcosms showed that each of the four 
Cd-resistant isolates supported complete degradation of 500 mg of 2,4-D by 
the Cd-sensitive 2,4-D-degrading Ralstonia eutropha JMP134. Degradation 
occurred in the presence of Cd up to 24 mg in pure cultures and up to 60 mg 
in amended soil microcosms. 



Degradation by Metal-Resistant Microorganisms 

The presence of multiple contaminants may provide a more restricted 
niche because microbes must tolerate both metals and toxic hydrocarbons. 
Consequently, metals and hydrocarbons impose selection pressure for spe- 
cific microbial types. These stresses may cause a reduced phylogenetic diver- 
sity due to the elimination of some microbes or the enrichment of particularly 
successful ecotypes. The surviving bacterial strains in soils contaminated 
with PAHs and metals for long term, as in the case of former MGP sites and 
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sheep dip sites, could have the capacity of tolerating toxic concentrations of 
mefals and, af fhe same fime, capacify of degrading organic confaminanfs 
and ufilizing carbon as source. These changes in communify sfrucfure are 
imporfanf and may lead fo fhe developmenf of successful bioremediafion 
sfrafegies. To our knowledge, fhere are no reporfs on fhe successful isolafion 
and characferizafion of microorganisms fhaf are mefal resisfanf and capable 
of degrading organic pollufanfs. 



Inhibition of PAHs Degradation by Metals 

Significant associations between metals and PAHs in soil exert an influence 
on microbes that manifests itself in drastic changes in microbial diversity. It 
has been reported that the presence of metals impedes the biodegradation 
of PAHs (Table 16.4), although microorganisms require some of these heavy 
metals at trace levels for growth (Wong et al. 2005, Atagana 2006). Maslin and 
Maier (2000) examined the impact of Cd on phenanthrene biodegradation by 
indigenous soil community in two desert soils over a 9 day period. Results 
showed an increase in lag period by 5 days for phenanthrene degradation in 
the presence of 1 and 2 mg solution-phase Cd/L and complete inhibition at 
3 mg solution-phase Cd/L. The influence of trace metals on microbial deg- 
radation of aromatic and aliphatic hydrocarbons, either in solution (Amor 
et al. 2001) or in soil (Baldrian et al. 2000), has been investigated. Baldrian 
et al. (2000) observed degradation of PAH molecules up to five to six aro- 
matic rings by the white rot fungus, Pleurotus ostreatus, in the presence of 
100 mg/kg Cd in nonsterile soil, but Cd at 500 mg/kg completely inhibited 
the PAH biodegradation. Although the rate of PAH degradation by the fun- 
gus was not affected, presence of Cd was inhibitory to the activity of lignino- 
lytic enzymes, laccase, and Mn-dependent peroxides. The biodegradation of 
PAHs was reduced by free Cd species between 0.002 and 1 mg/L (Springael 
et al. 1993, Sandrin et al. 2000, Sandrin and Maier 2003). 

Riis et al. (2002) studied the degradation of diesel fuel by a microbial com- 
munity from a soil polluted with heavy metals such as Cu, Ni, Zn, Pb, Cd, 
Hg, and Cr. The degradation was greatly inhibited by the concentrations 
of metals, and toxicity of the metals followed the order: Hg > Cr(VI) > Cu > 
Cd>Ni>Pb>Zn. Fluoranthene degradation by bacteria grown on agar 
plates was totally inhibited by 10 mg/L of Cd and 50 mg/L of Zn and Cu 
(Gogolev and Wilke 1997). Since metal complexing ligands are present in 
agar, the concentration of bioavailable metal in agar plates might be very 
low or totally zero. Shen et al. (2005) spiked the mixtures of PAHs (phenan- 
threne, fluoranthene, benzo(a)pyrene) and metals (Cd, Pb, Zn) to study the 
effect of mixed contaminants on soil urease activity. The results showed that 
Zn interacted more easily with PAHs than Pb or Cd; the combined effect of 
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Phenanthrene 720-1440mg/kg Indigenous microorganisms Soil microcosm NA Wong et al. (2005) 

Fluoranthene 20 mmol Indigenous microorganisms Houba-Remarcle media NA Riha et al. (1992) 

Cu^"^ Naphthalene <14.3-71.6 mg/L Alcaligenes sp. Pseudomonas sp. Tris minimal media 7.0 Springael et al. (1993) 

Moraxella sp. 




Phenanthrene 700 mg/kg Indigenous microorganisms Soil suspension 7.3 Sokhn et al. (2001) 

Pyrene 20mg/L Indigenous microorganisms Soil microcosms 6.2-7. 2 Irha et al. (2003) 

Fluoranthene 8.5 mmol Indigenous microorganisms Houba-Remarcle media NA Riha et al. (1992) 

Cr'’+ Naphthalene <131mg/L Alcaligenes sp. Pseudomonas sp. Tris minimal media 7.0 Springael et al. (1993) 

Moraxella sp. 
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PAHs and metals on soil urease activity depended largely on the incubation 
time. However, concentrations of 0.1 mg/kg phenanthrene and 10 mg/kg Cd 
applied to soil is insufficient to arrive at a conclusion on the toxicity toward 
urease activity. 

Strongly complexed metals are less toxic than weakly complexed forms, 
which in furn are less foxic fo biofa fhan fhe free ions (Adriano 2001). The 
co-occurrence of Cd wifh Zn or Pb (Cd-Zn or Cd-Pb) is common in cer- 
fain confaminafed environmenfs due fo fheir origin from similar sources. 
However, fhe inferacfion of fhese mefal combinafions on PAH remediafion 
is nof yef known. Also, fhe influence of heavy mefals on biodegradafion 
of PAHs depends upon fhe fracfion of bioavailable mefal concenfrafion 
rafher fhan fhe fofal concenfrafion. Defermining fhe mefal speciafion is 
fherefore imporfanf fo undersfand fhe real foxicify of mefals fo biofa and 
fhereby bioremediafion in PAH-mefal coconfaminafed soils. Thavamani 
ef al. (2011) used visual MINTEQ (Ver 2.52) compufer software (Gusfafsson 
2009) and defermined for fhe firsf fime fhe mefal speciafion of soil solufions 
(wafer-exfracfable) from a former MGP sife. The wafer-exfracfable Zn was 
fhe highesf followed by Pb and Gd. More fhan 80% of fofal Pb complexed 
wifh DOG and fhe inorganic ligand sulfafe, and fhe calculafed speciafion 
showed fhe lowesf free-ion acfivify for Pb^"^. On fhe ofher hand, Zn and Gd 
fhaf are characferisfic in having high mobilify showed fhe same paffern of 
speciafion irrespecfive of soil pH. These resulfs warranf fhe considerafion 
of free-ion acfivify of mefals while assessing risk of fhe MGP sifes. 



Necessity for Remediation of MGP Sites 

The MGP sites, which were once welcome additions to the cities and 
towns, are now sources of complex environmental contamination prob- 
lems and are slowly being cleaned up. Industrialization led to urbanization, 
and city growth eventually placed heavy demand for residential, recre- 
ational, and commercial areas to be developed in the erstwhile industrial 
zones. The estimated land use patterns around MGPs are the following: 
industrial/commercial (50%), residential (30%), and recreational (20%) (US 
EPA 2004). The abandoned MGPs were therefore revisited, and the waste 
material contamination in those sites was well recognized. The presence of 
mixed organic (e.g., PAHs) and inorganic (e.g., metals) contaminants in the 
sites limits the application of various remediation technologies to cleanup 
because of the complex nature of the contaminants. Excavation and disposal, 
containment and in situ technologies, and soil washing are the three broad 
categories of remediation techniques used often in MGP sites. Remediation 
of MGPs had commenced in the past 30 years, and much focus has been 
on single contaminants such as PAHs, BTEX, and chlorinated hydrocarbons. 
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Over the next several decades, federal, state, and local governments and pri- 
vate industry all over the world have to spend billions of dollars annually fo 
clean up sifes confaminafed wifh hazardous wasfes and pefroleum producfs 
from a variefy of indusfrial sources. Af fhe currenf level of sife cleanup acfiv- 
ify in fhe Unifed Sfafes (abouf $6-8 billion/annum), if would fake af leasf 
35 years fo complefe mosf of fhe cleanup work. In parficular, MGP cleanup 
cosfs have been documenfed fo range from a few hundred fhousand dollars 
fo $86 million for a single sife; mosf fend fo be in fhe $3-10 million range. 
Should all 30,000-45,000 sifes need cleanup, fhe esfimafed cosf would be 
$26-128 billion. The increasing cosf of fhese fechnologies, fherefore, forces 
us fo look for fhe pofenfially low-cosf fechnologies such as bioremediafion. 



Approaches for Remediation of PAHs in 
Metal-Contaminated Systems 

Since 1970s, research on biological degradafion of PAHs demonsfrafed fhaf 
bacferia, fungi, and algae possess cafabolic abilifies fhaf may be ufilized for 
fhe remediafion of soils confaminafed wifh PAHs. However, co-occurrence of 
mefals and PAHs in soil complicafes fhe bioremediafion process. The sfrafe- 
gies for remediafion of soil confaminafed wifh eifher hydrocarbons or heavy 
mefals have undergone considerable improvemenf in recenf years; however, 
in real field sifuafion, cosf of freafmenf offsefs fhe applicafion of commonly 
used remediafion fechniques such as land removal, incinerafion, or land 
filling. Also, some remediafion processes are slow due fo fhe presence of hef- 
erogeneous mixfure of organic and inorganic confaminanfs. This is because 
very few exisfing fechniques (such as chemical oxidafion, microbial, or phy- 
foremediafion) can deal wifh bofh mefals and organic compounds. However, 
fhe efficiency of fhese fechniques has nof been explored complefely and opfi- 
mized for mixed confaminanfs in soils. This remains fo be an unexplored 
area in remediafion research. Bioremediafion approaches fhaf involve PAH 
degradafion in fhe presence of mefals musf consider microbial mechanisms of 
mefal resisfance (Heffiarachchi ef al. 2000), microbial degradafion (Roane ef al. 
2001), biosurfacfanfs (Fraser 2000), and abiofic mefhods like addifion of nafu- 
ral maferials fo reduce mefal foxicify (Malakul ef al. 1998, Sandrin ef al. 2000). 



Conclusion 

Pollufanfs generally occur as mixfures af any confaminafed sife. The for- 
mer MGP sifes are fypical examples of such sifes confaminafed wifh various 
inorganic and organic chemicals. The available reporfs clearly indicafe fhaf 
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the presence of heavy metal(loid)s affects the bioremediation of organic con- 
taminants by inhibiting microorganisms that are capable of degrading these 
pollutants. Successful remediation of such sites contaminated with mixtures 
requires novel methods based on (1) isolation of microorganisms able to toler- 
ate toxic levels of metal(loid)s and degrade organic pollutants, (2) dual bioaug- 
mentation with two types of microorganisms comprising metal detoxifiers 
and degraders of organic compounds, (3) combination of natural/modified 
materials to immobilize metal(loid)s and organic detoxifying microorgan- 
isms, and (4) phytoremediation using plants able to accumulate/stabilize met- 
als and detoxify organic pollutants using rhizosphere bacteria. Although few 
reports exist on the remediation of mixed contaminants such as 2,4-D in the 
presence of Cd under laboratory conditions, virtually no information is avail- 
able on remediation of PAHs in the presence of heavy metals in soils. Also, 
it is important to isolate and characterize specialized microorganisms able 
to detoxify both toxic metals and organic pollutants, and their survival and 
efficiency under field conditions should be tested for their use in the field- 
scale bioremediation. This is now emerging as a promising technology for 
bioremediation of sites contaminated with mixed pollutants as in MGP sites. 
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Introduction 

Mangrove wetlands are coastal wetland ecosystems that dominate the inter- 
tidal zone of fropical and subfropical foreshore areas. The ecological, envi- 
ronmenfal, and socioeconomic imporfance of mangrove weflands has been 
widely recognized. They have an exfraordinarily high rafe of primary produc- 
fivify (Alongi 2002), acf as bofh an afmospheric COj sink and as an essenfial 
source of oceanic carbon (Gaboon ef al. 2003, Chmura ef al. 2003), provide nurs- 
ery grounds and refuge for ecologically and commercially imporfanf marine 
organisms (Primavera 1998, Mumby ef al. 2004), profecf coasfal erosion and 
mainfain shore sfabilify (Dahdouh-Guebas ef al. 2005, Danielsen ef al. 2005), 
and filler river-borne sedimenf and nufrienfs fo minimize fheir inpufs info 
more sensifive sysfems, such as seagrass beds and coral reefs (Alongi and 
McKinnon 2005). Mangrove weflands are under a serious fhreaf of anfhropo- 
genic pollufion due fo fhe currenf populafion expansion and accompanying 
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increase in the usage of resources. They have long been used as convenient 
sites for waste disposal and discharge of untreated sewage and livestock 
wastewater (Clough et al. 1983). As a transit zone between terrestrial and 
marine environments, mangrove wetlands also inevitably receive contami- 
nants from tidal water, rivers, and storm runoff (Tam and Wong 1993, 1995, 
2000, Ke et al. 2002). Mangrove sediments have been reported to serve as reser- 
voirs of contaminants, including nitrogen and phosphorus (e.g., Corredor and 
Morell 1994, Tam and Wong 1996b, Rivera-Monroy et al. 1999), heavy metals 
(e.g., Harbison 1986, Silva et al. 1990, Tam and Wong 1993, 1995, 1996a, 1999a), 
and organic pollutants (e.g., Tam et al. 2001, Maskaoui et al. 2002). 

Scientific evidence of mangrove wetlands thriving in a relatively harsh 
intertidal environment (e.g., periodic changes in temperature, water 
and salt exposure, and varying degrees of oxygen depletion) over long 
geological time scales suggests their high tolerance to extreme envi- 
ronmental conditions (Alongi 2008). Mangrove plants have developed 
physiological, morphological, and anatomical adaptations, such as salt reg- 
ulation, well-developed aerenchyma, and highly specialized root systems 
(e.g., knee joints, pneumatophores or aerial roots, cable roots, and buttress/ 
prop roots), to cope with anoxic and saline environments (Lugo 1980, Pi 
et al. 2009). These adaptive changes in mangrove plants, together with the 
harsh growth conditions (environmental extremes and pollution), suggest 
the possibility of using mangrove plants in phytoremediation of contami- 
nated water and sediments. 

Heavy metals (e.g., copper, zinc, and lead) and petroleum hydrocar- 
bons (e.g., aliphatic and aromatic hydrocarbons) are ubiquitous pollutants 
causing serious environmental problems. Due to the close proximity of 
mangrove wetlands to human activities and along the route of oil trans- 
portation, elevated concentrations of heavy metals and hydrocarbons in 
mangrove sediments have been reported (Tam and Wong 1993, 1995, 1996a, 
1999a, Tam et al. 2001, Ke et al. 2005). Accidental oil spills have also been 
reported in Hong Kong mangrove wetlands from time to time (Ke et al. 
2002, Wong et al. 2002, Tam et al. 2005). 

We are one of the first groups to employ mangrove wetlands in the phy- 
toremediation of wastewater and contaminated sediments (e.g., Yim and 
Tam 1999, Ke et al. 2003a,b, Wu et al. 2008, Yang et al. 2008). A prerequisite 
for the success of phytoremediation of these pollutants is to screen tolerant 
plants. Our research group has been working on the toxicity of heavy metals 
and hydrocarbons present in the mangrove plants since the 1990s, and most 
of the early studies focused on growth response and accumulation in plants 
(e.g., Yim and Tam 1999, Ke et al. 2003a,b). The toxic effects of these pollut- 
ants on mangrove plants, in particular at the morphological (e.g., structural 
changes in roots), physiological, and biochemical levels, have received little 
attention until the past 5 years. This chapter, therefore, reviews our research 
on the structural, physiological, and biochemical changes of mangrove 
plants, including root anatomy, radial oxygen loss (ROL), iron (Fe) plaque 




Toxicity and Bioavailability of Heavy Metals and Hydrocarbons 



373 



formation, activities of superoxide dismutase (SOD) and peroxidase (POD), 
superoxide radical (O 2 ) release, malondialdehyde (MDA) content, and phe- 
nolic compounds (total polyphenols [TP] and extractable condensed tannins 
[ECT]), in response to heavy metal and hydrocarbon stress. The goal of this 
research is to identify the most tolerant plant species for the remediation of 
the contaminated sediment. The bioavailability of these pollutants and their 
sorption and desorption, as well as the role of associated bacterial commu- 
nities in degrading hydrocarbons, are also discussed. 



Plant Response to Toxicity 
Root Anatomy and Radial Oxygen Loss 

To cope with anoxic environments, wetland plants have developed an airy tis- 
sue, aerenchyma, which allows exchange of oxygen and other gases between 
the shoot and the root, to support root aerobic metabolism. Excessive oxygen 
can diffuse into the rhizosphere, a process defined as ROE (Armstrong et al. 
1992). ROE plays an important role for wetland plants to maintain an aerobic 
environment in the rhizosphere. The ability to oxidize the rhizosphere has 
long been regarded as a partial explanation for flood tolerability of man- 
groves and other wetland plants (Youssef and Saenger 1996, McDonald et al. 
2002, Jackson and Colmer 2005). The beneficial effects of ROE to wetland 
plants include (1) oxidizing reduced toxic substances, such as phytotoxins, in 
the rhizosphere (Armstrong et al. 1992, Pedersen et al. 2004); (2) altering both 
microbial and chemical processes, such as nitrification and denitrification, to 
change nutrient availability in rhizosphere sediments (Kirk and Kronzucker 
2005); and (3) aerobically degrading and transforming organic pollutants 
(St-Cyr and Campbell 1996, Visser et al. 2000). However, these beneficial 
effects of ROE are highly dependent on the locations where ROE occurs. The 
root tip cells are especially sensitive to anoxia due to their high metabolic 
activity and thus have a high demand for oxygen. To enhance longitudi- 
nal oxygen diffusion toward the root tips, wetland plants have developed 
a barrier to ROE (Visser et al. 2000, Vasellati et al. 2001, Colmer et al. 2006). 

The barrier to ROE can be categorized into three types: "tight" (defined as 
a low radial permeability to oxygen at the root base and higher levels of oxy- 
gen at the root tip), "partial" (with ROE an the root base similar to that in the 
apex), and "weak" (the rate of ROE at the root apex is much lower than that in 
the base) barriers (Armstrong 1979, Armstrong and Beckett 1987, Armstrong 
et al. 2000, Colmer 2003). These different types of barriers result from the dif- 
ferences in root anatomical features (especially exodermal and hypodermal 
structure) as well as the quantitative variations in suberin composition and 
their distribution within the exodermal cell walls among different wetland 
species (Soukup et al. 2007). Pi et al. (2009) conducted a pioneering study 
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on root anatomy and spatial pattern of the ROL of eighf nafive mangrove 
species in Hong Kong, including Avicennia marina (Forsk.) Vierh., Acanthus 
ilicifolius L., Aegiceras corniculatum (Linn.) Blanco, Bruguiera gymnorrhiza (L.) 
Poir, Excoecaria agallocha L., Kanddia obovata Sheue (Liu and Yong; previously 
known as Kanddia candel (L.) Druce), Heriteria littoralis Dryand. exW. Aif, and 
Lumnitzera racemosa Willd., and found fhaf all eighf species had a similar 
spafial paffern of ROL, wifh more oxygen losf from fhe fip fhan from fhe 
basal and mafure zones and had a "fighf" barrier. However, fhe amounfs 
of ROL varied along fhe roof and were species specific (Table 17.1), probably 
relafed fo fhe anafomical differences in roofs, including corfex aerenchyma 
air spaces and oufer layers (i.e., epidermis and hypodermis) among differenf 
species. Roofs of A. marina and Acanthus ilicifolius had fhe highesf propor- 
fions of aerenchyma air spaces buf had fhe fhinnesf oufer layers, among 
fhe eighf species. On fhe ofher hand, H. littoralis had fhe leasf longifudinal 
oxygen fransfer because of ifs lower proporfions of aerenchyma air spaces 
in fhe roof. These differences may also explain fhe differenf folerance levels 
of mangrove species fo inundafion, which followed fhe declining order of 
A. marina (mosf foreshore species) > Acanthus ilicifolius > K. obovata > Aegiceras 
corniculatum > B. gymnorrhiza > E. agallocha > L. racemosa > El. littoralis (mosf 
landward species). 

The ROL spafial paffern in each mangrove species would change as a 
consequence of fhe changes in fhe relafive proporfion of aerenchyma air 



TABLE 17.1 



Radial Oxygen Loss along the Lateral Root of Mangrove and Non-Mangrove 
Wetland Plants 



Species 


Age (Year) 


ROL (pM Oj/day/g DW) 


Classification 


Mangrove plants 








Acanthus ilicifolius 


1 


43.80±3.19“ 


Strong 


Aegiceras corniculatum 


1 


34.03 ±3.49“'’ 


Strong 


K. obovata 


1 


30.74 ±4.51'’ 


Strong 


A. marina 


1 


19.99 ±1.57' 


Medium 


B. gymnorrhiza 


1 


9.02±1.3h 


Weak 


L. racemosa 


2 


8.74 ±0.89'' 


Weak 


Non-mangrove wetland plants 








Echinodorus amazonicus 


1 


97.63 ±6.39* 


Strong 


Phragmites australis 


1 


63.32 ±4.81'* 


Strong 


Schisandra chinensis 


1 


47.58 ± 3 . 57 c 


Strong 


Typha latifolia 


1 


72.17±8.21>* 


Strong 


Zantedeschia aethiopica 


1 


50.88 ± 4 . 89 c 


Strong 



Mean and standard deviation of six and four replicates for mangrove and non-mangrove 
plants, respectively, are shown; different capital or lower case letters indicate significant 
differences at P < 0.05 by one-way ANOVA (analysis of variance), followed by Tukey's 
HSD (honestly significant difference) test. 
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spaces and outer barriers to the whole root when exposed to pollution, and 
the changes to the same pollutant were species specific. Pi et al. (2010a) 
investigated the variability of ROL and roof anafomy among fhree man- 
grove species under fhe influence of wasfewafer discharge for 105 days. 
ROL af fhe roof fip of B. gymnorrhiza increased from 22.44 ng/cm^/min in 
fhe fresh wafer confrol fo 31.09 ng/cm^/min when receiving normal syn- 
fhefic wasfewafer (NW; wifh concenfrafions of dissolved organic carbon 
[DOC], NHJ-N, NO3-N, fofal Kjeldahl N [TKN], and POt'-P, comparable 
fo fhe primarily seffled municipal sewage in Hong Kong) and fo 44.22 ng/ 
cm^/min when freafed wifh sfrong wasfewafer (10 NW; DOC, NHJ-N, 
NO3-N, TKN, and P 04 ”-P af concenfrafions of 60, 25, 0.5, 45, and 5mg/L, 
respecfively), which however did nof change fhe "fighf" barrier paffern of 
B. gymnorrhiza (Figure 17.1A). However, for E. agallocha, discharge of wasfe- 
wafer caused a decrease in ROL af fhe roof fip buf an increase af fhe roof 
base, resulfing in a shiffing in ifs barrier fype from "fighf" fo "parfial" 
(Figure 17.1B). Such a frend was even more significanf for Acanthus ilicifolius, 
leading fo ifs barrier fype changing from "fighf" fo "weak" (Figure 17.1C). 
The changes in barrier fypes due fo wasfewafer discharge were relafed 
fo fhe roof anafomy. Among fhe fhree species. Acanthus ilicifolius had fhe 
highesf proporfions of fhe cross-secfional area of aerenchyma air spaces, 
suggesfing fhaf infernal oxygen fransfer fo fhe roof fip was fhe fasfesf. 
However, fhe area of aerenchyma air spaces in fhe roof fip of Acanthus ilici- 
folius freafed wifh 10 NW was significanfly reduced, whereas fhe area of 




(A) 







(B) 






(C) 



FIGURE 17.1 

Changes in ROL pattern along the lateral roots of mangrove species after receiving different 
strengths of wastewater for 105 days: (A) "Tight" barrier, (B) "partial" barrier, and (C) "weak" 
barrier. FW, fresh water; NW, normal wastewater; 10 NW, 10 times of NW. (Modified from 
Pi, N. et at, Int. ]. Phytoremediat., 12, 468, 2010a.) 
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epidermis and hypodermis was increased, leading to a reduced oxygen 
supply to the root tip. Compared to B. gymnorrhiza and E. agallocha, the 
epidermis and hypodermis layers in Acanthus ilicifolius were the thinnest, 
in which the cells without suberized walls had the least protection from 
the harmful effecf of wasfewafer exposure. These resulfs suggesfed fhaf 
B. gymnorrhiza was fhe leasf affecfed by wasfewafer discharge, followed 
by E. agallocha, and Acanthus ilicifolius was fhe mosf suscepfible species and 
was nof suifable for freafing sfrong wasfewafer. 

The ROL spafial pafferns of mangrove planfs were found fo have a direcf 
link fo fheir mefal tolerance. Liu ef al. (2009) invesfigafed fhe foxicify of mixed 
heavy mefals of Pb, Zn, and Cu af differenf concenfrafions (low, medium, 
and high: 50-100-50, 100-200-100, and 200-400-200 mg Pb-Zn-Cu/kg dry 
sand, respecfively) fo 6 monfhs old mangrove seedlings of Aegiceras cornicu- 
latum, A. marina, and B. gymnorrhiza. Heavy mefals inhibifed plan! growfh, 
reduced fhe amounf of ROL, and changed fhe ROL spafial paffern, which 
were posifively correlated wifh mefal tolerance. B. gymnorrhiza had fhe high- 
esf ROL amounf and fhe fighfesf barrier fo ROL, and if was also fhe mosf 
foleranf species fo heavy mefals. In anofher sfudy by Cheng ef al. (2010), 
plan! upfake and tolerance of 1 year old seedlings of Aegiceras corniculatum, 
B. gymnorrhiza, and Rhizophora stylosa Griff fo Zn foxicify were compared. Zn 
exposure led fo a significanf decrease in ROL in roofs of all fhree species, buf 
fhe degree of reducfion varied among differenf species, wifh fhe reducfion 
percenfages following fhe descending order of R. stylosa > B. gymnorrhiza > 
Aegiceras corniculatum (Figure 17.2). The ROL reducfion was suggesfed fo be 
due fo fhe inhibifion of roof permeabilify, including an obvious fhickening of 
outer corfex and a significanf increase in lignificafion of cell walls. B. gymnor- 
rhiza, which possessed fhe "fighfesf barrier" fo ROL, accumulated fhe leasf 
Zn and had fhe highesf Zn tolerance. This sfudy provided new evidence of 
fhe sfrucfural adapfafions of mangrove planfs fo mefal tolerance. 



Fe Plaque Formation 

Anofher imporfanf consequence of ROL is fhe inducfion of Fe precipifafion 
in fhe rhizosphere, creafing iron-rich roof coafings or Fe plaque on roof sur- 
faces (Offe ef al. 1989, Guo ef al. 2007, Hu ef al. 2007). Fe plaque is a mixfure 
of crysfalline and amorphous ferric hydroxides goefhife and lepidocrocife 
(Sf-Cyr ef al. 1993, Hu ef al. 2007, Chen ef al. 2008a). Ifs formafion is con- 
frolled by a number of physiochemical factors, such as fhe availabilify of 
Fe^L organic maffer, soil fexfure, and redox pofenfial (Mendelssohn ef al. 
1995). Wasfewafer-borne pollufanfs also affecf fhe formafion of Fe plaque. Fi 
ef al. (2010a) reporfed fhaf Fe plaque formafion on fhe roof surface of 1 year 
old seedlings of B. gymnorrhiza and E. agallocha increased significanfly affer 
105 days of exposure fo sfrong synfhefic wasfewafer (10 NW). However, fhe 
degree of increase in differenf parfs of fhe roof differed from species fo spe- 
cies, wifh more significanf increases toward fhe basal and mafure zones 
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A. corniculatum 





R. stylosa 




FIGURE 17.2 

Spatial patterns of ROL along the lateral roots of three mangrove seedlings receiving differ- 
ent concentrations of Zn (mg/kg) under greenhouse conditions. Different letters in the same 
group of bars indicate significant differences at P < 0.05 as determined by LSD. NS, not signifi- 
cant. (Data used for plotting are from Cheng, H. et al.. Environ. Pollut., 158, 1189, 2010.) 



for B. gymnorrhiza, but toward the root tip for E. agallocha. The relationship 
between ROL and Fe plaque was not significant, suggesting that although 
ROL had a significant contribution to Fe plaque formation, too much Fe 
plaque would serve as a "barrier" to ROL. Actually, Fe plaque not only acts 
as a "barrier" to ROL but also reduces the plant uptake of heavy metals, 
including Zn, Cd, As, Ni, Mn, Pb, and Cu, and nutrients (such as P) through 
immobilization and coprecipitation (Taylor and Crowder 1983, Christensen 
and Sand-Jensen 1998, Ye et al. 1998, 2003a, Liu et al. 2004, Machado et al. 
2005, Liang et al. 2006). The relationships among ROL, Fe plaque formation, 
and immobilization of heavy metals are shown in Figure 17.3. The Fe plaque 
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FIGURE 17.3 

Formation of Fe plaque and immobilization of heavy metals: (A) oxygen release from the root 
and oxidation of Fe^+, (B) formation of Fe plaque on the root surface, and (C) immobilization of 
heavy metals in Fe plaque. 



barrier reduced metal mobility and bioavailability, thus preventing trace 
metals from reaching the more sensitive parts of the plant. Moorthy and 
Kathiresan (1998) also reported that heavy metal concentrations in Rhizophora 
apiculata seedlings decreased from roots to stems and from stems to leaves. 
In terms of phytoremediation, Fe plaque may play an important role in the 
removal and detoxification of wastewater-borne heavy metals, which how- 
ever is far from fully evaluated because of limited published materials. Pi 
et al. (2010c) found that after 75 days of exposure, Fe plaque formation on 
the root of 1 year old seedlings of B. gymnorrhiza, E. agallocha, and Acanthus 
ilicifolius was enhanced with increasing concentrations of wastewater- 
borne heavy metals (synthetic wastewater having 5-10 times the strength 
(5-10 MW) of primarily settled municipal sewage in Hong Kong containing 
DOC, NHJ-N, NO^N, TKN, PO^-P, Fe^^, Ni^ Cu^ Zn^ Mn^ Pb^ Cr^h 
and Cd^"^ at 60, 25, 0.5, 45, 5, 30, 1, 2, 5, 5, 1, 0.5, and 0.1 mg/L, respectively), 
but the extent of enhancement was species specific. The concentrations of 
trace metals immobilized in Fe plaque were also increased significantly 
with wastewater strength and were positively correlated with the concen- 
tration of Fe plaque formed on the root surface for all three species. These 
results confirmed that Fe plaque could act as a reservoir to immobilize 
metals, thus reducing their bioavailability and contributing to the removal 
and detoxification of wastewater-borne heavy metals. These results, how- 
ever, also indicated that metal immobilization via Fe plaque formation may 
have a negative relationship with metal tolerance, as the most metal-tolerant 
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species B. gymnorrhiza had the least accumulation of Fe plaque on root sur- 
face. All fhese sfudies suggesfed fhe imporfance of fhe inferacfions befween 
ROL and Fe plaque formafion and fheir effecfs, which merifs furfher sfudy. 



Biochemical Response 

Oxidafive sfress on planfs is associafed wifh an excessive generafion of 
reacfive oxygen species (ROS), including superoxide (O 2 ), hydrogen per- 
oxide (FI 2 O 2 ), and hydroxyl free radicals (-OH), which can be induced by 
various environmenfal sfresses such as exfreme femperafures, salf, hypoxia, 
UV radiafion, and toxic pollufanfs (Barfosz 1997). The highly reacfive and 
nonspecific nafure of ROS has been reporfed fo confribufe to cell dam- 
age, including lipid peroxidafion, inacfivafion of enzymes and ofher func- 
fional proteins, base modificafions, and sfrand breaks of DNA (reviewed by 
Barfosz 1997). MDA is a final decomposifion producf of lipid peroxidafion. 
The posifive relafionship befween ROS and MDA accumulafion (Smirnoff 
1995) suggesfs fhaf MDA can be used as an indicafor of fhe sfafus of lipid 
peroxidafion. In response fo oxidafive sfress, planfs have developed a vari- 
efy of anfioxidafive defense sysfems fo scavenge excessive ROS and dimin- 
ish fheir harm fo planfs. The anfioxidafive defense sysfems can be classified 
info fwo groups, anfioxidafive enzymafic sysfem and nonenzymafic system. 
Anfioxidafive enzymes include SOD, POD, and cafalase (CAT) (Scandalios 
1993, Vangronsveld and Clijsfers 1994). SOD is involved in fhe firsf sfep of 
ROS eliminafion, which cafalyzes fhe conversion of O 2 fo Fl202^ and O 2 , 
and FI 2 O 2 can be furfher decomposed by CAT and POD (Farida ef al. 2004). 
Nonenzymafic consfifuenfs include glufafhione, carofenoids, and ascorbate 
phenolic compounds (Tukendorf and Rauser 1990). Phenolic compounds, 
including fannins and derived polyphenols, are among fhe mosf widely dis- 
fribufed plan! secondary mefabolifes and can be induced by sfress (Dixon 
and Paiva 1995). Phenolic compounds, mainly due fo fheir redox properfies, 
also play an imporfanf role in absorbing and neufralizing free radicals and 
can funcfion as anfioxidanfs (Lavid ef al. 2001). The anfioxidanf capacify 
of phenolic compounds is also affribufed fo fheir abilify fo chelate mefals 
(Plernes ef al. 2001, Schiifzendubel and Polle 2002, Kraus ef al. 2003). 

The acfivifies of anfioxidafive enzymes and confenfs of nonenzymafic 
consfifuenfs are associafed wifh planf tolerance fo mefal sfress; however, 
bofh posifive and negafive responses have been observed, depending on fhe 
planf species and fissue analyzed, as well as fhe species and infensify of 
fhe mefal sfress (Schiifzendiibel and Polle 2002). POD acfivifies in fhe leaves 
of A. marina were posifively correlafed wifh fhe amounfs of heavy mefals 
(Cu, Zn, and Pb) accumulated in leaf fissues (MacFarlane 2002). Plowever, 
Liu ef al. (2008) found fhaf bofh SOD and POD acfivifies in fhe roofs of Sedum 
alfredii were negafively correlafed wifh Pb concenfrafions in fhe subsfrafe. 

Research on anfioxidafive defense sysfems in mangrove planfs, in response 
fo environmenfal sfresses, including waferlogging, salf, wasfewafer, heavy 
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metal, and oil pollution, has been extensively conducted by our group (Ye 
and Tam 2002, 2007, Ye et al. 2003, 2005, Zhang et al. 2007a, Ke et al. 2010) 
and others (e.g., MacFarlane and Burchett 2001, Qin et al. 2007, Zhang et al. 
2007b). Most of these studies have focused on fhe biochemical responses 
in planfs subjecfed fo long-ferm, chronic exposure (in monfhs), which may 
nof accurafely reflecf fhe rapid response feafure of fhe anfioxidafive sysfem. 
Yan and Tam (2010) invesfigafed fhe femporal changes (in fhe scale of days) 
in fhe confenfs of phenolic compounds and acfivifies of SOD and POD in 
K. obovata as well as plan! mefal accumulafion affer exposure fo Pb and Mn 
sfress and found fhaf bofh sfress fime and sfress infensify had significanf 
effecfs, wifh significanf accumulafion of Pb and Mn in fhe roof on Day 1 
under moderafe and high mefal sfress; however, mefal accumulafion in fhe 
leaf was only found on Day 7. Mefal sfress had no significanf effecf on TP and 
ECT confenfs in roofs and leaves on Day 1; however, a prolonged exposure 
fo mefals caused significanf decreases in roof TP and ECT; however, a sub- 
sfanfial decease was observed on Days 7 and 49. In confrasf, POD acfivifies 
in bofh roofs and leaves were significanfly decreased from Day 0 fo Day 1, 
buf increased fhereaffer. The enhancemenf effecf was fissue, mefal species, 
and concenfrafion dependenf. SOD acfivifies followed a frend similar fo 
fhaf of POD. This sfudy also revealed fhaf anfioxidafive enzyme acfivifies in 
K. obovata seedlings were more sensifive fo Pb or Mn sfress fhan fhe changes 
in phenolic compounds. 

Research on fhe physiological and biochemical responses of mangrove 
planfs fo toxic, organic pollufanfs is relafively scarce and is focused mosfly 
on pefroleum hydrocarbons. Ke ef al. (2010) compared fhe tolerance of four 
dominanf mangrove species in Soufh China fo differenf doses of spenf lubri- 
cafing oil. Based on fhe morfalify rates, B. gymnorrhiza presenfed fhe highesf 
folerance fo oil pollufion (morfalify 16.7% af 15L/m^ oil, n= 12 for all species), 
followed by Acanthus ilicifolius (25% af 10 L /rcE) and Aegiceras corniculatum 
(83.3% af lOL/m^), and K. obovata (91.7% af lOL/m^) was fhe mosf oil-sensifive 
species. Biochemical responses, including MDA confenf, SOD acfivify, and 
O 2 release, in fhe oil-freafed seedlings of all species were enhanced wifh oil 
doses. Zhang ef al. (2007a) showed fhaf fresh and spenf lubricafing oil af a 
single inifial dose of 5L/m^ posed an oxidafive sfress fo B. gymnorrhiza, lead- 
ing fo significanf increases in O 2 release and MDA confenf. Spenf lubricafing 
oil, even af fhis low dose, was found fo decrease fhe confenf of chlorophyll 
and carotenoid, fhe acfivify of nifrafe reducfase, POD, and SOD, buf if was 
found fhaf if increased fhe MDA confenf foo; fhese responses reflected fhaf 
A. marina was more sensifive fo spenf lubricafing oil fhan Aegiceras cornicu- 
latum whereas canopy oiling resulfed in more direcf physical damage and 
sfronger lefhal effecfs fhan base oiling (Ye and Tam 2007). The mosf foleranf 
mangrove species fo heavy mefals, B. gymnorrhiza, was also found fo be fhe 
mosf foleranf fo spenf-oil pollufion. However, furfher research is needed fo 
ascerfain whefher fhe effecf of oil on roof anatomy and fhe oil folerance mech- 
anism of fhis species is similar fo fhe effecf caused by heavy mefal pollufion. 
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Bioavailability and Remediation 
Heavy Metals 

Wetland sediments often undergo intermittent flooding and draining, pro- 
viding an alternating anaerobic and aerobic environment. The high levels of 
reduction in sulfide, iron, and manganese observed favor the precipitation 
and immobilization of heavy metals (Ambus and Lowrance 1991, Dunbabin 
and Bowmer 1992). On the other hand, the ROL of wetland plants would 
aerate the rhizosphere and increase the mobilization of heavy metals due 
to sulfide oxidation and dissolution. ROL would also cause the formation 
of Fe plaque, which provides some extra binding sites for heavy metals on 
root surface (Pi et al. 2010c). The formation of Fe plaque was found to be 
positively correlated to the amount of ROL present in the roots of mangrove 
plants grown in the freshwater control (Pi et al. 2010b) as well as to the immo- 
bilization of wastewater-borne heavy metals (Pi et al. 2010c, Figure 17.4). 



Fe plaque formation vs. ROL 





Metal immobilization vs. Fe plaque formation 





FIGURE 17.4 

Relationships between Fe plaque formation and ROL (A and B), and between Fe plaque for- 
mation and metal immobilization (C and D). The curves were fitted with the linear regres- 
sion models (y = yO + ax); R^, regression coefficients; *** indicates the R^ values are significant at 
P < 0.001; FW, freshwater control; 10 NW, 10 times normal wastewater without heavy metals; 
5 MW, 5 times normal wastewater containing heavy metals; 10 MW, 10 times normal wastewa- 
ter containing heavy metals. Details on the components and concentrations of NW and MW 
are described in the text. (Data used for plotting are from Pi, N. et al.. Environ. Pollut., 158, 381, 
2010b; Pi, N. et al.. Mar. Pollut. Bull, 63, 402, 2010c.) 
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Strong wastewater (10 NW) discharge resulted in a shift of fhe posifive 
relafionship befween Fe plaque and ROL fo a negafive one (Figure 17.4), sug- 
gesfing fhaf excessive Fe plaque served as a barrier fo ROL (Pi ef al. 2010b). 
The concenfrafions of Fe plaque on fhe roof surface could reach 5-10 fimes 
fhe concenfrafions of fhe surrounding sedimenfs (Sundby ef al. 1998). Fe 
plaque also acfed as a physical barrier fo reduce planf upfake of mefal foxic- 
ify (Offe ef al. 1989, Baffy ef al. 2000). Neverfheless, fhe role of Fe plaque in 
fhe reducfion of planf upfake of mefal foxicify is sfill arguable, as fhe resulfs 
were nof always convincing and conclusive (Ye ef al. 1998, Zhang ef al. 1998). 
For phyforemediafion of heavy mefals using wefland planfs, fhe nef effecf 
of fhe presence of planfs, parficularly roofs and associafed feafures, such as 
ROL and Fe plaque, on fhe behavior of heavy mefals (e.g., mobilizafion or 
immobilizafion) should be furfher evaluafed. 

Ofher facfors, such as sedimenf fexfure, organic maffer, and salinify, 
would also affecf fhe bioavailabilify of heavy mefals in mangrove sedi- 
menfs. The clay-like nafure of mangrove sedimenfs could provide a physi- 
cal frap for fine parficulafes and heavy mefals. Fligh confenfs of organic 
maffer, especially fhe humic subsfances in mangrove sedimenfs, also pro- 
vided sfrong adsorpfive properfies in binding heavy mefals. Salinify may 
also affecf fhe binding of pollufanfs in sedimenfs. Paalman ef al. (1994) 
reporfed fhaf when river wafer mixed wifh seawafer, due fo increases in 
chloride concenfrafions, heavy mefals such as Cd gef mobilized from fhe 
sedimenf and dissolve lafer info chloro-complexes. Tam and Wong (1999b) 
also reporfed fhaf mangrove sedimenfs receiving wasfewafer prepared in 
f reshwafer had slighfly higher concenfrafions of nufrienfs and heavy mef- 
als and larger enrichmenf facfors fhan fhaf freafed wifh saline wasfewafer 
(salinify 15%). 



Hydrocarbons 

Mangrove sedimenfs are offen anaerobic or anoxic jusf a few cenfimefers 
below fhe surface (Mifsch and Gosselink 2000), which reduces aerobic 
degradafion of hydrocarbons, especially polycyclic aromafic hydrocar- 
bons (PAHs), and as a resulf, fhey accumulafe and persisf in deep layers 
of fhe sedimenf for up fo 20 years (Burns ef al. 1994, 2000). ROL of wefland 
planfs has fhe pofenfial fo significanfly alfer bofh microbial and chemical 
processes in fhe rhizosphere, such as increasing fhe aerobic respirafion 
(Schussler and Longsfrefh 1996) and aerobic degradafion and fhe fransfor- 
mafion of environmenfal pollufanfs such as PAFls (Sf-Cyr and Campbell 
1996, Visser ef al. 2000). 

Compared fo planfs, microorganisms may play a more significanf role 
in removing and degrading organic pollufanfs. Ke ef al. (2003a) found 
fhaf fhe upfake of pyrene (PYR), a four-ring PALI, by B. gymnorrhiza and 
K. candel, only confribufed fo 0.65%-0.88% of PYR removal and fhaf mosf 
of fhe removal (84.8%-92.5%) was due fo microbial degradafion. There is 
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increasing published evidence that mangrove sediments are high in the 
diversity of hydrocarbon-degrading bacteria as well as the genetic diversity 
of dioxygenase genes and have a high pofenfial of infrinsic bioremediafion 
of hydrocarbons (e.g., Tam ef al. 2002, 2003, Guo ef al. 2005, 2010, Yu ef al. 
2005a,b, Zhou ef al. 2008, 2009). A fofal of 11 PAH-degrading sfrains, belong- 
ing fo 4 genera, Mycobacterium, Sphingomonas, Terrabacter, and Rhodococcus, 
were isolafed from surface mangrove sedimenfs in Soufh China (Zhou 
ef al. 2008). Despife fhe presence of fhe degraders in confaminafed sedi- 
menf, nafural affenuafion of hydrocarbons such as PAHs by indigenous 
microorganisms was offen low, unless fhe environmenfal condifions were 
modified. Bioaugmenfafion, wifh fhe inoculafion of isolafes wifh known 
biodegradafion abilify, is offen used fo enhance fhe efficiency of bioreme- 
diafion. The significanf enhancemenf effecfs of Sphingomonas sp., a bacferial 
sfrain isolafed from surface mangrove sedimenf fo degrade a fhree-ring 
PAH, phenanfhrene (PHE), in confaminafed sedimenf slurry was reporfed 
by Chen ef al. (2008b; see Figure 17.5). 
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FIGURE 17.5 

Effects of bioaugmentation of Sphingomonas sp. on phenanfhrene (PHE) degradation in sedi- 
ment slurry. Different initial PHE concentrations are shown. Curves fitted to the first-order-rate 
models indicate that the rates of degradation in the inoculated system were significantly 
higher than in the corresponding control system (□: inoculated system [dotted line], O: control 
system [dash line]; mean and standard deviation of three replicates are shown). (Adapted from 
Chen, J. et al.. Mar. Pollut. Bull, 57, 695, 2008b.) 
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Solubility is an important factor limiting biodegradation of toxic organic 
pollufanfs, such as oil and PAHs. Ke ef al. (2009) showed fhaf fhe addifion of 
humic acid (0%-1.6%, w/v) significanfly enhanced fhe solubilify of all PAHs 
in bofh liquid medium and sedimenf slurry, buf only fhe biodegradafion of 
phenanfhrene and pyrene (and nof benzo[a]pyrene) in fhe liquid medium 
was enhanced. Solubilify is related fo fhe sorpfion and desorpfion behav- 
ior of organic pollufanfs, which in furn is affected by fhe physiochemical 
properfies of sedimenf. Zhang ef al. (2007a) found fhaf fhe lubricafing oil in 
sandy sedimenf had a more acute toxic effecf on fhe germinafion and early 
growfh of B. gymnorrhiza fhan muddy sedimenf, buf fhe lower bioavailabilify 
and biodegradafion of hydrocarbons in muddy sedimenf made fhe oil more 
persisfenf, which may lead fo more chronic foxicify and pose a long-term 
risk fo fhe environmenf. The bioavailabilify of foxic pollufanfs such as PAHs 
was linked fo fhe sorpfion-desorpfion behavior, which was closely relafed 
fo sedimenf properfies. The sorpfion-desorpfion behaviors of PAHs in dif- 
ferenf mangrove sedimenf slurries were besf described by a linear model. 
The muddy sedimenf had a higher binding affinify fo PAHs fhan silfy sedi- 
menf. The sandy sedimenf had fhe leasf binding affinify (unpublished dafa). 
Sedimenfs wifh high confenfs of clay and fofal organic carbon provided 
large surface areas for PAH binding, which enhanced fhe sorpfion of PAHs 
info sedimenfs, fhus decreasing fheir bioavailabilify and biodegradafion. 



Concluding Remarks 

Toxic confaminanfs, such as heavy mefals and pefroleum hydrocarbons, 
pose significanf adverse effecfs on fhe esfablishmenf and inifial develop- 
menf of mangrove seedlings and are found fo alter fhe roof anafomy and 
physiology. Changes in fhe areas of aerenchyma fissues and fhickness of 
outer layers in roofs due fo fhese confaminanfs led fo fhe variafions in fhe 
amounf and spafial paffern of ROT, which fhen affected Fe plaque formafion 
on fhe roof surface and immobilizafion of heavy mefals. The acfivify of anfi- 
oxidanf enzymes and ofher biochemical responses in fhe roofs and leaves of 
mangrove planfs were also changed when exposed fo foxic confaminanfs. 
The folerance level of mangroves fo fhese foxic confaminanfs was species 
specific. B. gymnorrhiza was fhe mosf robusf and foleranf species fo heavy 
mefals and hydrocarbons, as if had (1) fhe "fighfesf" barrier on roof surface, 
(2) fhe leasf amounf of Fe plaque on roof surface, (3) fhe lowesf ROT per roof 
dry weighf, and (4) fhe leasf modificafion in roof anafomy and biochemical 
properfies. B. gymnorrhiza mighf be fhe mosf ideal candidafe for phyfore- 
mediafion of sedimenf confaminafed wifh heavy mefals or hydrocarbons 
among fhe mangrove planfs found in Hong Kong. The success of bioremedi- 
afion depended on fhe bioavailabilify and fhe sorpfion-desorpfion behavior 
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of the contaminants, which in turn were affected by sediment texture and 
organic matter. Further research on the bioavailability of toxic chemicals and 
its association with toxicity and bioremediation is still needed. 
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Introduction 

Rice is one of the staple foods for more than 3 billion of the world's pop- 
ulation, particularly among the Asian communities (Darr 2010, De data 
1981, Li 1992, Loftas 1995). Therefore, it is important to improve the fertil- 
ity of soils, the supply of water, and the management of diseases in order 
to maintain successful rice cultivation, thus ensuring food security in the 
world (Immerzeei et al. 2010, Sanchez 2010, UNDP 2008). 

The origin of rice paddy fields and paddy soils is a topic of debate among 
scientific scholars around the world (An 1998, Bale 2001, Crawford and Lee 
2003, Ikehasi 2002, Kawaguchi and Kyuma 1976, Tsude 2001, You 1995, Zong 
et al. 2007). The middle and lower Yangtze River Basin is a floodplain with 
many rivers, lakes, ponds, and irrigation channels, which are connected 
together known as the water network. The spread of wild rice growing on 
the wetlands and coast marshes of this region deem them as favorable con- 
ditions for rice planting, where the richest and oldest archaeological fossil 
rice grain sites are also distributed within this vicinity (about 73.7% of total 
sites discovered in China) (An 1998, You 1995). The Yangtze River Delta was 
previously the most important region for rice production and generation of 
higher rice yields; it used to be one of the granary barns in China. However, 
the rapid economic development and growth in urbanization over the past 
30 years have taken their toll on rice planting areas, which are now dramati- 
cally reduced (Table 18.1), resulting in severe environmental and ecological 
problems (Cao et al. 2004, Chinese Agricultural annals of the year 1980, 1990, 
2000, 2008). 

Results from Table 18.1 show that about 41.2% of rice paddy fields were 
lost during the past 30 years, where most of the losses occurred in places 
on the Yangtze River Delta, including Shanghai, southern Jiangsu, and 
northern Zhejiang provinces. This loss is now the driving force behind the 
economic development in China, which poses the question of what effects 
will be incurred in this region in the event of rapid and extreme reductions 
of large areas of rice paddy fields? Many scientists have stated that rice 
paddy soil is a strategy for sustainable land use with ecological functions 
that help restore the biological diversity of the floodplain (Greenland 1998, 
Masaaki 2009, Washitani 2006). But is it a lesson that can be learned in time 
by the current situation in the Yangtze River Delta? 

This chapter reviews major results from research on paddy soil in China 
and abroad conducted over the past 20 years, intending to show that the 
Yangtze River Delta may be the origin of paddy soils in China, where paddy 
fields and rice cultivation are essential to promoting and preserving a har- 
monious ecosystem in this region. In the past 30 years, fast economic devel- 
opment has caused a dramatic reduction in the proportion of rice planting 
areas and thus rice output. This is not only harmful for food security but 
also for ecological safety; therefore, it is important, from an environmentally 
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protective and ecologically balanced perspective, to keep adequate areas of 
rice paddy fields in fhe Yangfze River Delia in order fo achieve susfainable 
developmenf in bofh urban and rural areas. 



Origin of Irrigated Rice Paddy Fields and Chinese Paddy Soils 

Archeologisfs generally accepf fhaf irrigafed wefland rice culfivafion origi- 
nafed in China, where numerous excavafed sifes showed sufficienf evidence 
supporfing fhis finding. Af fhe Caoxieshan sife, for example, 22 pieces of 
Neolifhic (Majiabang culfure) paddy fields were joinfly excavafed by Chinese 
and Japanese archeologisfs in 1996 (Fujiwara 1996), and 24 pieces of Neolifhic 
paddy fields were excavafed from fhe Chuodun sife (locafed only 15 km away 
from fhe Caoxieshan sife)(Ding 2004, Gu 2003, Tang 2003). Alfhough Korean 
archeologisfs unearfhed paddy fields (ca. 3500-2000 BC) in fhe Peninsula 
and fhoughf fhey dafed back fo a period earlier fhan fhe Caoxieshan sife 
(Bale 2001, Crawford and Lee 2003), fhe Japanese scienfisfs reconsidered fhe 
fime period for rice culfivafion of fhe Yayoi period and believed fhaf if may 
be as early as fhe Korean Peninsula (Tsude 2001). A feam of soil scienfisfs and 
archeologisfs revisifed a fofal of 11 sifes locafed in fhe middle and lower 
reaches of fhe Yangfze River valley, where fhere were reporfs of fossil rice 
grains being previously discovered; 7 of fhese sifes were sampled or reex- 
cavafed. During fhe sixfh excavafion of fhe Chuodun sife (N31°24' E120°50') 
on November 5, 2004, a fofal of 44 pieces of rice paddy fields, consisfing of 
varying sizes and shapes, were unearfhed. Each piece of paddy field was 
clearly surrounded wifh ridges, irrigafion difches, channels, and/or wafer 
pools (Eigure 18.1), and wafer flow ouflef/inlef remains. More fhan 400 fos- 
sil rice grains and some irrigafion fools (Pottery Jar, Basin, efc.) were col- 
lecfed from fhese paddy fields (Cao ef al. 2006, 2007, Ding 2004, Lu ef al. 
2006). In addifion, 24 pieces of paddy fields were unearfhed during fhe lasf 




FIGURE 18.1 

Forty-four buried ancient paddy fields at the Chuodun site. 
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5 excavations of the same site, and, together with the 22 pieces of rice paddy 
fields unearthed at the Caoxieshan site, there were a total of 90 paddy field 
pieces assigned to the Neolithic period (Majiabang culture) (Ding 2004). 
These rice paddy fields were the ones that were excavated the earliest and 
are located in the settlements of Caoxieshan and Chuodun of Neolithic 
age. These are just 15 km away from the location where rice cultivation was 
believed to have started in the northeast of present Suzhou, an industrial 
city near Shanghai. Three paddy soil profiles overlapping one another ver- 
tically have been diagnosed in P-01 (left of Figure 18.2), which include a 
modern paddy soil profile of 0-43 cm, a buried ancient paddy soil profile of 
43-100 cm dating back to 3320 BP, and another buried ancient paddy soil pro- 
file of 100-200 cm dating back to 6280 BP; however, in P-02 (as shown on the 
right of Figure 18.2) only one buried ancient paddy soil profile of 43-100 cm 
was detected (Cao et al. 2006, 2007, Lu et al. 2006). During the Neolithic Age, 
only very primitive tools and techniques existed; therefore, no large areas 
of paddy fields (the largest one was 40 m^) were built by the ancient inhabit- 
ants. Consequently, only small pieces of paddy field were constructed, with 
simple artificial ridges following the original shape of the lowlands along 
the lakes, where a large amount of charred rice grains was sieved from these 
buried ancient paddy fields. Opals or phytoliths of rice plants were detected 
at very high densities in which the unit of measurement used is grains per 




FIGURE 18.2 

Buried profiles of two ancient paddy soils at P-01 (a) and no ancient paddy soil-1 but ancient 
upland soil in P-02 (b) in the Chuodum site. 
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gram of soil (grain/g soil). Archeologists have found that when the phyto- 
lith is greater than 5000 grain/g soil then this is a strong indication of rice 
having been grown there in the past. The results obtained in our studies far 
exceeded this measure, with a maximum reading reaching more than 10® 
grain/g soil at a depth between 100 and 200 cm in the P-01 profile, which 
indicates the long history of rice planting within the area; however, the same 
was not found at the same depth for P-02 profile. According to dating, 
the profiles of the buried paddy soil portrayed for soil organic matter (SOM) 
and fossil rice grain had a calibrated age of 3000 BP (43-100 cm) and 6280 
BP (100-200 cm), respectively, which placed them in the categories of ancient 
paddy soil and prehistoric paddy soil, respectively. These findings correlate 
with the results of archeological interpretations reported from potteries fre- 
quently discovered in this site, for example, irrigation pots, jars, and so on, 
from the Majiabang culture. It can be deduced that the prehistoric paddy soil 
profile (100-200 cm in P-01) had already developed horizons, as A, Ap, B, and 
C contained various SOM, certain clay distributions and soil pH, which cor- 
responded to other properties found in reports regarding buried paddy soils 
(Cao 2008, Cao et al. 2006, 2007, 2010, Dong et al. 2006, Heike et al. 2006, Li 
et al. 2007, Lu et al. 2006, 2009). Our findings provide strong support showing 
that China may be one of the birthplaces for irrigated rice cultivation in the 
world and the buried prehistoric paddy soil found at the Chuodun site is the 
origin of paddy soils to date in China (Cao 2008, Cao et al. 2006, 2007). 



Evidence for Rice Paddy Soils' Sustainability 

The utilization of rice paddy soil is recognized as a strategy for sustainable 
land use, which also has ecological functions for the restoration of flood- 
plain biodiversity (Cao et al. 2004, Greenland 1998, Masaaki 2009, Washitani 
2006); however, more proof is needed to further investigate the implications 
of adopting this approach. 



Rice Paddy Fields Located at the Loujiajiao Site Are 
More Than 3000 Years Old 

Approximately 1.2 hm^ of "Box Rice Fields," surrounded by mulberry gardens 
lying in the highlands (Figure 18.3), were found at the Luojiajiao site (N36°65' 
E120°55'), Zhejiang Province. Large quantities of more than a tonne of ani- 
mal bones (ca. 4710 BC) and pottery wares (ca. ^''C, 5210 BC) (Majiabang 
culture period) were collected from the surface layer of paddy fields. Further 
to this, many burnt straw ash pits (Figure 18.4), fossil rice grains, as well as a 
grind stone for polishing tools were found in the cultivation layer (0-25 cm) 
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FIGURE 18.3 

The "box field" found at the Luojiajiao site, Zhejiang province. 




FIGURE 18.4 

Pits and residual bones found in the sublayer soil of the "box field" (15-30 cm). 



of this site. This implies that the current cultivated layers of rice paddy fields 
were originally utilized by primitive communities approximately 6700-7200 
years ago, which were subsequently buried by floods due to prehistoric cli- 
mate changes. According to the records from the local annals, the land was 
then used for cultivating mulberry trees and raising silkworms from around 
4700 BP. The soil was dug and stacked up to form small hills in order to 
induce mulberry tree growth, resulting in higher yields of mulberry leaves 
and, thus, finally a greater harvest of cocoons. After many years of continual 



400 



Environmental Contamination 



digging, the original ancient buried layers of soil were gradually exposed 
as the surface layer of fhis polder land and have been confinuously used for 
irrigafed rice culfivafion even today, a pracfice in exisfence since af leasf 3000 
years ago. There were plenfy of fhese fypes of box paddy fields in fhe Jiaxing 
region up unfil 20 years ago; however, mosf of fhem have since been leveled 
ouf during fhe urbanizafion period. The Luojiajiao site is now fhe only place 
protected by law (as a nafional culfural relic sife); fhus, if remains a region 
of vibranfly producfive paddy fields, wifh rice grain yields of 9f/hm^ foday. 
Therefore, if may well be fhe world's oldesf paddy fields of confinuous rice 
culfivafion af presenf, which also provides fhe mosf convincing evidence in 
supporfing fhe efficiency of paddy soils as a means for susfaining fhe land 
(Dong ef al. 2006, Lu ef al. 2009). 



Productivity Increased as Rice Cultivation Was Prolonged 
within the Paddy Soil Chronosequence 

At the South bank of Hangzhou Bay in the Yuyao and Cixi counties 
(N30°-30.50°, E121°-122°) (Figure 18.5), a total of 11 sea dikes were contin- 
uously constructed between 1074 and 1980, and the marshland that was 
created in this process was reclaimed for rice cultivation. For this reason, 
a unique paddy soil chronosequence with different rice cultivation years 
from 50 to 2000 years old (recorded by local chorography) were identi- 
fied. This chronosequence was developed from the same parent materials, 
under the same ecological conditions with similar cropping systems (Cao 
2007, Cao ef al. 2007, 2010, Cheng ef al. 2009, Kogel-Knabner ef al. 2010), 
where the natural fertility of surface soils increased as cultivation time was 
prolonged (Figure 18.6). 




FIGURE 18.5 

Coast sediments and dikes on South bank of Hangzhou Bay. 
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Cultivation years(a) 



FIGURE 18.6 

Natural fertility of the surface layer of the paddy soil chronosequence. 



Ecological Functions of Rice Paddy Fields 
Sequestrate More Carbon 

China is now the world's largest contributor of COj emissions, having 
superseded the United States as "Polluter Number 1" due to the rapid 
development in recent years; hence, COj emissions have to be reduced and 
carbon sequestration increased for fhe planef's susfainabilify. Irrigafed 
rice culfivafion confrols fhe oxidafive/reducfive condifions in paddy 
soils, where a bulk of fhe paddy soil body is under anaerobic condifions. 
However, some parfs of soil were under oxidafive condifions when eifher 
near fhe surface of a very fhin (2-3 mm) layer or wifhin fhe rhizosphere 
close fo fhe roofs or during fhe dry period creafed as a resulf of exposure 
fo oxygen (Cao and Lin 2006, Cao and Zhou 2008, De Dafa 1981, Kogel- 
Knabner ef al. 2010, Li 1992, Li ef al. 2007, Xu ef al. 1998). SOM is less miner- 
alized and more sfable under anaerobic condifions; fherefore, paddy soils 
confain much more SOM fhan upland soils (Cao and Lin 2006, Cao and 
Zhou 2008, De Dafa 1981, Kogel-Knabner ef al. 2010, Li 1992, Xu ef al. 1998), 
which was fhe sifuafion revealed by fhe lasf fwo Nafional Soil Surveys 
conducfed 40 and 25 years ago. Organic carbon sfock has been found fo be 
higher in paddy soils fhan in upland soils across China, wifh fhe average 
of SOM being 16.70 ± 7.53 g/kg and 10.89 ± 8.36 g/kg, respecfively. Since fhe 
1980s, soil organic carbon (SOC) of paddy soils has increased significanfly 
(151 ±24Tg C) and sfill has a large pofenfial (esfimafed af 112.1 ±23.1 Tg C 
in fhe paddy soils of subfropical region in China) fo increase (Liu ef al. 
2006). When fhe SOC confenf in fhe surface layer of paddy soils reaches 
fhe ecological balance or safurafion poinf of fhe condifions associafed wifh 
a localify (usually abouf 21-23 g/kg in fhe Yangfze River Delfa), dissolved 
organic carbon [DOC] will increase and move down fo fhe deeper layers 
of fhe profile, leading fo a sfeady increase in SOC sforage. The resulfs of 
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TABLE 18.2 

Comparison of Soil Carbon Density in a Long-Term Field 
Experiment of 25 Years Conducted in Paddy Soils 
Derived from Red Soil (Yintang, Jiangxi China, 
1981-2006) 



Type 


Treatments 


0-25 cm 


% 


0-50 cm 


% 


Upland soil 


CK 


3009 




4059 




Paddy soil 


CK 


4983 


65.6 


8345 


105.6 


Upland soil 


NPK 


2928 




4278 




Paddy soil 


NPK 


5312 


81.4 


8424 


96.9 



SOC distribution in the profiles of fhe paddy soil chronosequence (50-1000 
years) showed fhaf as fhe number of years of culfivafion increased so did 
fhe reserved organic carbon in fhe deeper layers (Ci ef al. 2007). 

Table 18.2 shows fhe resulfs from a long-ferm field experimenf sfrefch- 
ing over 25 years, which indicafes fhaf paddy soils derived from red earfh 
appear fo have higher organic carbon sfocks and carbon sequesfrafion fhan 
upland red soils. This also seemed fo be frue even for buried prehisforic 
paddy soils when compared wifh prehisforic nonpaddy soils (Cao ef al. 
2006, 2007, Lu ef al. 2006). Paddy soils can sequesfrafe more C fhan upland 
soils, resulfing in a much larger C sink, wifh greafer benefifs in coping wifh 
fhe presenf fhreafs of global warming and climafe change. Managemenf of 
increased SOC confenf, profecfion of rice paddy fields, and ufilizafion of 
fhese fields' ecological funcfions may confribufe as vifal sfeps needed in 
achieving CO2 emission reducfions and help wifh China's environmenfal 
diplomacy. 



Mutual Contention between Methane and NOj Emissions 

The growing of rice has fradifionally been associafed wifh adverse environ- 
menfal impacfs because of fhe large quanfifies of mefhane gas if generafes. If 
was esfimafed by IPCC-EF, from 1999 fo 2000, fhaf fhe annual average mefh- 
ane producfion from Chinese paddy fields was 8.19 Tg CH4 per year. This 
level of greenhouse gas generafion is a large componenf of fhe global warm- 
ing fhreaf; however, fhis esfimafion was based on dafa from winfer-flooded 
paddy fields, which only occupied 10%-12% of fhe fofal Chinese paddy 
area. Our sfudies have demonsfrafed fhaf mefhane emissions can be signifi- 
canfly reduced by fwo pracfices, which also boosf crop yield: (1) draining 
fhe paddies allowing for fhe soil fo aerafe, and (2) implemenfing drainage 
for fhe upland crops during fhe whole winfer season, which in furn infer- 
rupfs mefhane producfion (Burfon 2003, Cai ef al. 2000, 2003, Xu ef al. 2003). 
Chinese farmers have fradifional managemenf pracfices for paddy soil such 
as "Kao Tian," which involves fhe paddy fields being drained once or fwice. 
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FIGURE 18.7 

Relationship between NO 2 and CH 4 emission from paddy. (Adapted from Cai, Z.C. et al., Plant 
Soil 196(1), 7, 1997.) 

each lasting for 2-3 days, after the productive tillering stage. As a result, 
many fine pores will appear in the surface soil through which oxygen can 
directly get into the sublayer of soils. The most commonly adopted practice 
for paddy field systems in China is the annual cropping rotation of summer 
rice and winter wheat/oil rape seed, which leads to dried-up paddy fields 
for the entire winter. These practices reduce methane emissions during the 
summer significantly, ranging from 33% to 68%. According to these results, 
the annual methane production from Chinese paddy soil (1990-2000) was 
recalculated with an average of 5.93 Tg CH4 (Cai et al. 2000). Meanwhile, 
NO2 emissions from paddy soil were much less than from upland soils, 
with an estimated value of about 88 Gg N/year, being approximately 22% 
of the total NO2 emissions from China. Results have revealed that the NO2 
emission rate may not be necessarily related to the N fertilizer rate, but 
to the water regime instead, where the emission is seen occurring mostly 
during the seasons involving cultivation of crops other than rice (61%). The 
NO2 emission factor (amount of NO2 emission from unit Nitrogen applied) 
of paddy soil was only one third of what was found in upland soils (Xing 
et al. 2002, Xing and Zhu 2002); thus, it can be inferred that the emission of 
methane and NO2 in paddy soils show a mutually contentious relationship 
(Figure 18.7) (Cai et al. 1997). 



Coping with Disasters of Flooding and Water Lodging 

During the end of May 2010, there was a disastrous flood that occurred 
in a large area of Southern China with the local media reporting several 
hundred fatalities, extensive damage to roads and buildings, and huge 
economic losses. It happened not long after a severe drought disaster that 
occurred during the spring season in Yunnan and Guizhou provinces. The 
central meteorological observatory issued warnings of flooding, from June 
to August (the monsoon season), in the middle and lower reaches of the 
Yangtze River Valley. Every year during the monsoon season, the central and 
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local governments are on high alert in order to prevent and control flooding, 
and water lodging in Huihe, Yangtze, and Pearl Rivers. The Yangtze River 
Delta in China is a floodplain with an average altitude of 2-2.5 m above sea 
level, where the Taihu Lake is in the center with a water network system con- 
necting the whole region. Since the prehistoric times, fertile soils on flat land 
and annual warm temperatures have provided good conditions for rice cul- 
fivafion. There is approximafely 250 x 104 hm^ of irrigafed paddy fields fhaf 
accounf for more fhan 70% of fhe fofal arable land of fhe Delfa (Cao and Lin 
2006, Xu ef al. 1998, Zhao ef al. 1991). The growing sfage of rice is when fhe 
flooding period of fhe Yangfze River and fhe fime of fhe monsoon season 
coincide. Paddy fields can usually keep a layer of surface wafer af a depfh of 
7-10 cm for growing rice, buf if can refain wafer up fo a depfh of 15 cm wifhin 
fhe fields if needed, during fhe rainstorm season (Figure 18.8). Therefore, 
approximafely 1500 m^/hm^ more wafer can be sfored in paddy fields fhan 
in upland fields, in which fhe former can impound a fofal of approximafely 
37.5 X 109 m^ of wafer from fhe Yangfze River Delfa (250 x 104 hm^), which is 
equal fo abouf 85% of fhe fofal wafer fhaf can be impounded by fhe Taihu 
Lake (44.3 x 109 m^). In addifion fo fhe sfanding wafer layer in paddy fields, 
fhere is also a wafer safurafed profile wifhin 0-60 cm depfh, which shows 
paddy soils hold abouf 50% more wafer confenf fhan fhaf found in upland 
soils. In fofal, fhere is a difference of abouf 75 x 109 m^ befween fhe wafer sfor- 
age profiles of paddy soils and upland soils in fhis delfa region. Alfogefher, 
paddy soils of fhe Yangfze River Delfa can impound 112.5 x 109 m^ of wafer, 
which is 2.5 fimes higher fhan fhe wafer reserve in Taihu Lake (Cao 2007, Cao 
and Lin 2006, Cao and Zhou 2008, Xu ef al. 1998). Paddy fields and soils play 
a very imporfanf role in fhe prevenfion and confrol of flooding and wafer- 
lodging disasfers by storing excess wafer. If half of fhe rice paddy fields were 
fo be losf (see Table 18.1), fhen fhe surplus wafer of 56.25 x 109 m^ in fhe region 
would have essenfially losf ifs confainmenf, which may lead fo cafasfrophic 
flooding and wafer-lodging consequences. 



Structure of irrigated rice field 



Stand-water covered the surface 



Surrounded by field dam 




FIGURE 18.8 

Schematic diagram of paddy fields and runoff features. 
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Water and Soil Conservation and 
Prevention of Nonpoint Pollution 

From 1999 to 2004, research was conducted on the migration of substances in 
the soil-water systems of Taihu Lake region, which demonsfrafed fhaf irri- 
gafed rice fields play an imporfanf role in fhe conversafion of soil and wafer 
in fhe Yangfze River Delfa (Boo ef al. 2003, Cao ef al. 2002, 2005, Cao and Lin 
2006, Cao and Zhang 2004, Cao and Zhou 2008, Xu ef al. 1998, Zhang ef al. 
2003a,b). This is due fo fhe facf fhaf if is surrounded by 15-20 cm high ridges, 
covered wifh 7-10 cm of surface sfanding wafer as well as wifh a plow pan 
under a 15-20 cm layer of fop soil; fherefore, if is a relafively closed sysfem for 
runoff (Figure 18.8). According fo fhe measuremenfs from field experimenfs 
af four differenf sifes during 1999 fo 2004 in paddy fields of fhis region, only 
one or fwo evenfs of run off flow were recorded wifh less volume and carried 
much fewer solid parficles as compared wifh runoff flow in upland fields 
(Cao ef al. 2005, Cao and Lin 2006, Cao and Zhang 2004, Zhang ef al. 2003a,b). 
On fhe ofher hand, NH 4 +-N is fhe major form of nifrogen (N) fhaf is nof eas- 
ily losf in fhe runoff flow of paddy soils. Due fo blockage by fhe plow pan, 
fhere was minimal leaching of a small amounf of nifrafe (NOj'-N) found 
in paddy soils, resulfing in minor N losses via paddy soil runoff (Figure 
18.9 and Table 18.3) (Cao and Lin 2006, Xing and Zhu 2002, Zhu ef al. 2000). 
Hence, fhe N losses fhrough runoff or leaching from paddy soils fo fhe wafer 
body are nof fhe main confribufors responsible for fhe eufrophicafion of sur- 
face wafer body (Table 18.3). 

Phosphorus (P) confenf in wafer is fhe key facfor in confrolling shallow 
wafer eufrophicafion (Cao 2003, Cao and Lin 2006, Foy and Wifhese 1995, 
Lagreid ef al. 1999, Schaffner ef al. 2009, Sharpley ef al. 1994), where once 
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FIGURE 18.9 

Phosphorus (P) (a) and nitrogen (N) (b) losses via runoff and leaching from various land use in 
the Taihu Lake Region (1999-2004). 
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TABLE 18.3 



The Origin of Various Contributors to N and P Contents in the 
Water of Taihu Lake Region 



Origins 


Human 

Excrement 


Domestic 

Waste 


Animal 

Manure 


Fishery Waste 
(Including Sludge) 




P(%) 


26.7 


23.8 


57.6 


11.9 


5.7 


N (%) 


30.7 


/ 


27.8 


10.2 


7.5 



the ratio of N to P content (N/P) in water is over 7 then it will dramatically 
cause algae blooming. When the P available in soil reaches a certain con- 
centration, its movement from agricultural soil to water rapidly increases 
either via runoff and/or leaching; therefore, a warning value was adopted 
(known as the breakpoint), in which higher availability of P in soil is often 
used to evaluate the threats of the surrounding quality of the shallow body 
of water (Cao et al. 2005, Cao and Lin 2006, Edwards and Withers 1998). In the 
4 years of continual field experiments, which were executed in four various 
types of paddy soils in the Taihu Lake region, the breakpoint of 25-30 mg/kg 
Olsen-P (Figure 18.10) was obtained for the available P in the soil of this 
region. However, when P is above this value, it will be dramatically removed 
from the soil through an increase in runoff and/or leaching. At present, the 
available P in the soil of the Taihu Lake area was observed to be in the range 




Olsen-P in soil (mg/kg) 



FIGURE 18.10 

The breakpoint of soil P runoff from the paddy fields in the Taihu Lake Region. 
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of 12-15 mg/kg, suggesting that under the existing fertilization regime P loss 
from paddy soils will not be a serious risk to water bodies for at least the next 
5-10 years. But there is still room for phosphorus contents to be increased in 
paddy soils (Cao et al. 2005, Cao and Lin 2006, Lin et al. 2004). 



Treatment of Domestic Wastewater 

Paddy fields can be adopted as artificial wetlands (Cao and Lin 2006, Xu 
et al. 1998) and be used for domestic sewage treatment. Results from field 
experiments (Figures 18.11 and 18.12) (Li et al. 2009a,b) show that both total 
N and P in the floodwater of paddy fields tend to reach zero before har- 
vest, when irrigated with both gray and black water. It has been revealed 
that rice plants and paddy soils are very efficient in removing most of 
the N and P from domestic wastewater. Another similar study (Zhang 
et al. 2008) indicated that during the rice growing season, the removal 
of NH4+-N, NOj^-N, and total P from wetland paddy fields were 10.7 to 
12.3, 6.8 to 9.2, and -1.2 to 2.0kg/hm^, respectively. The output of NH4+-N, 
NOj'-N, and total P from drainage was significantly lower than the input 
during the irrigation of sewage water, which was attributed to the uptake 
of rice as well as the absorption, transformation, fixation, and filtration of 
paddy soils. This suggested that paddy fields can be used as a resourceful 




FIGURE 18.11 

Total N (TN) content in floodwater during the rice growing season, with various treatments of 
wastewater and fertilizers. 
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Sampling data (day-month) 



FIGURE 18.12 

Variations of total phosphorous (TP) load from floodwater in a rice paddy field with different 
treatments. The vertical bars are standard deviations of the means, n = 3. 



means for domestic wastewater treatment, reducing in turn the level of 
environmental damage. 



Remediation of Organic and Inorganic Pollutants in Soil 

Rice fields, similar with natural wetlands, are capable of purifying, con- 
suming, and stabilizing a variety of organic and inorganic pollutants. 
Besides N and P as described earlier, results have suggested that paddy 
soils have a specific feature in removing POPs. Due to the reductive con- 
ditions and biochemical processes of anaerobic microorganisms in paddy 
soils, the degradation of chlorinated POPs gets accelerated and the residual 
from this process is generally found to be lower in paddy soils than in 
upland soils (An et al. 2006, Yao et al. 2006, 2007, 2008, Wang et al. 2007). 
Based on these findings, it can be concluded that contaminated soils can 
be easily remediated and reused through submersion in water or changing 
from upland to paddy rice cultivation provided there are sufficient water 
resources in the region. It has been suggested that this approach may be 
incorporated with the paddy field compartment of the National Institute 
for Agro-Environmental Sciences' Multimedia Environmental Eate Model 
(NIAES-MMM-Global), which was developed in Japan. NIAES-MMM- 
Global is used to estimate the long-term fate of current-use pesticides 
(CUPs) and POPs emitted into the global environment, specifically from 
Japan and the rest of Asia (Wei et al. 2008). 
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In general, available Selenium (Se) is relatively low in paddy soils, for 
example, as found in fhe Taihu Lake region, where an average of 1025 soil 
samples showed only 0.010-0.030 mg/kg belonging fo Se-deficienf soil fype 
(Cao and Lin 2006). Under anaerobic condifions fhe availabilify of Se exhibifs 
decreasing frends due fo fhe reducfion of Se®+ fo Se^+ and Se° fo Se^~ (Cao 
ef al. 2001, John ef al. 1991, Liu ef al. 2004, Mikelsen ef al. 1989); hence, fhe 
remediafion of Se in pollufed soils was proposed (Kharakal ef al. 2008). 

Other Benefits for the Environmental Protection of Urbanized Regions 

As a man-made wetland system, paddy fields can provide potential advan- 
tages in addressing other environmental degradation issues, which have 
resulted from the urbanization of the surrounding region. These benefits 
include the reduction of the urban heat island effect, supplementation of the 
groundwater table in minimizing land subsidence, maintaining the biodi- 
versity of the suburban area, and cleansing the air to prevent the dangers 
that may be encountered if dust or sand storms were to arise in urbanized 
areas. 

Groundwater Supplementation in Preventing Land Subsidence 

In 2007, CCTV news reported that land subsidence was very severe in the 
center of the Yangtze River Delta, including Shanghai City, Hangzhou- 
Jiaxing-Huzhou plain, and Suzhou-Wuxi-Changzhou belt (CCTV 2007). 
The most severely reported subsidence was located along the Huangpu River 
of Shanghai, from 1921 up to the ground surface subsidence for 2004 of about 
2.63 m. For the past 80 years, the average land subsidence was 1.69 m for the 
whole of Shanghai City, whereas Huangpu River is considered to be a "hang- 
ing river" during the flooding period of the monsoon season. In Lujiazhui, 
the annual land subsidence for the concentrated area of skyscrapers is 
reported to be in the range of 12-15 mm. In the Suzhou-Wuxi-Changzhou 
belt, which is a fast-growing economic development zone of Jiangsu prov- 
ince, the land subsidence level during the past 20 years was over 20 cm in 
an area totaling 6000 km^. A groundwater funnel of around 45 m in depth 
was also discovered surrounding Jiaxing city, which also happened to be 
the land subsidence center of Hangzhou-Jiaxing-Huzhou plain in Zhejiang 
Province. The factors that may have induced such rapid and severe land sub- 
sidence are excessive groundwater extraction and the construction of many 
high-rise buildings and skyscrapers. However, half of the rice fields lost in 
the region over the past 30 years may also be regarded as another causative 
factor, ending with a swift deterioration in land subsidence and ground- 
water levels. Consequently, around 56.25 x 109 m^ of water may have been 
wasted and could not be used as groundwater anymore. It is estimated by 
the Chinese Bureau of Geological Survey that the total financial losses sus- 
tained by land subsidence in the Yangtze River Delta, over the past 20 years. 




410 



Environmental Contamination 



is about 3150 x 10^ RMB. Shanghai is the most severely affected area, with 
direct financial losses of 145 x 10^ Yuan and 2754 x 10^ Yuan of indirecf losses 
(CCTV 2007); fherefore, if is vifal fhaf cerfain urbanized areas of paddy fields 
in fhe Yangfze River Delia are profecfed. 



Minimizing the Heat Island Effect for Urban and Rural Areas 

Dramafic increases in fhe number of high-rise buildings and skyscrapers 
(more fhan 2000 builf during fhe pasf 10 years, and more fhan 100 among 
fhem being faller fhan 100 m) (Bureau 2005), wide roads, privafe cars, air pol- 
lufion as well as reduced green lawn areas and frees per capifa, and rapid 
expansion of modern living (rapid rise in elecfronic equipmenf used in 
daily life) by fhe urban populafion are all confribufing causafive factors to 
fhe heaf island effecf. If is now becoming an increasingly apparenf frend 
for fhe Yangfze River Delia. During fhe summer, fhe femperafures of down- 
fown Shanghai, Nanjing, and Hangzhou and 14 ofher medium-sized cifies 
were 3°C-5°C higher fhan fheir suburban areas. According to fhe broadcasf 
on May 24, 2010, by CCTV News, fhe femperafure of downtown Chengdu 
was 8°C higher fhan ifs suburban area where no economic and urbanizafion 
developmenfs have faken place (CCTV 2010). The rapid and significanf losses 
of rice culfivafion areas in bofh fhe Yangfze River Della and fhe Chengdu 
Plain may be primarily responsible for fhe heaf island effecf. Thus, fhe pro- 
fecfion of cerfain areas of flooded rice fields (also referred to as basic farm 
land) around urban areas is necessary, which is nof only for food securify 
buf also for minimizing fhe heaf island effecf in bofh urban and/or suburban 
areas. 

Biodiversity System and Clean Air 

Biological diversify, landscape, culfure, and food in higher urbanized areas 
are essenfial fo fhe improvemenf of cifizens' daily life, where clean air is also 
an imporfanf factor fo consider when determining fhe qualify of life. During 
fhe urbanizafion process, fhe lawn areas and free numbers per capifa are 
reduced; fherefore, fhe infegrafion of paddy fields in urban areas can pofen- 
fially have many benefifs. These include beaufiful aesfhefic landscapes and a 
wide range of biodiversify in vegefafion, animals (birds and beasfs), insecfs 
(worms and mofhs), aquafic creafures (frogs, fishes, loaches, arfhropods, efc.) 
as well as arfificially raised culfured ducks, all of which may fransform fhe 
region info a place of inferesf for fourisfs. 

The biological diversify of paddy fields can also have significanf impacfs 
on insecfs and disease confrol from a planf pafhology and entomology poinf 
of view (News of Hainan Universify 2010, Yu ef al. 2004) 

Dusf pollufion is anofher problem for urban residenfs when air qualify is 
concerned, as fhere are many ongoing consfrucfion projecfs in fhe ouflying 
urban areas. Therefore, fhe ignifion of dusf needs fo be avoided af all cosfs in 
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order to prevent possible threats to the lives of urban residents. Paddy fields 
wifh sfanding wafer coverage and moisf afmospheric condifions produce no 
dusf buf fresh clean air and so may help wifh counferacfing fhis problem. 



Summary 

Buried irrigafed paddy fields and paddy soils were discovered af a Chuodun 
sife nearby fo Suzhou fhaf dafed back fo fhe Neolifhic age of 6280 BP (ca.^^'C). 
The paddy fields locafed af fhe Luojiajiao sife nearby Jiaxing called "Box fype 
field" have shown enough evidence fhaf rice culfivafion was faking place in 
fhis region dafes back fo more fhan 3000 years. A rice culfivafion chronose- 
quence of 50-2000 years has been idenfified af fhe Soufh bank of Hangzou 
Bay wifh fhe ferfilify of paddy soils increasing wifh rise culfivafion years, 
fhese resulfs sfrongly indicafe fhaf fhe Yangfze River Delfa may be fhe origin 
of irrigafed paddy fields and paddy soils in China. These findings also sug- 
gesf fhaf rice culfivafion and paddy soils are fhe mosf suifable and susfain- 
able mefhod for fhis region. Paddy fields are imporfanf nof only for food 
securify buf can also be used fo solve many environmenfal problems fhaf 
have appeared in fhe region due fo rapid urbanizafion fhaf has been faking 
place for fhe pasf 30 years. Paddy fields are of nafural selecfion and historical 
inferesf, and fogefher wifh rice culfivafion, fhey work as a consfifuenf of har- 
monious developmenf benefifing bofh human healfh and fhe environmenf 
in fhe urbanized areas of fhe Yangfze River Delfa. This could also be fhe 
case for regions wifh similar condifions and properfies, such as fhe Pearl and 
Yellow River Delfa regions. 
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Introduction 

The United Nations has predicted that the global population will increase 
from 6.8 billion fo 9.1 billion by 2050 (UN, 2009). Changes are urgenfly 
required in our currenf approach fo wafer resource managemenf and fhe 
developmenf and implemenfafion of measures fo ensure fhe susfained sup- 
ply of safe clean wafer fo people fhroughouf fhe world. Urban wafer supplies 
are under increasing pressure fo meef fhe demands of growing populafions 
and changing indusfries. In many parfs of fhe world, fhis is occurring wifhin 
fhe confexf of an increased frequency of exfreme evenfs, such as flooding or 
exfended droughfs. The Infernafional Wafer Associafion (IWA, 2010) nofes 
fhaf cif ies will be required fo, af leasf, double fhe overall efficiency in fhe use of 
wafer and fhe reducfion of polluf ion. The IWA "Cifies of fhe Fuf ure," program 
sfafes fhaf "vanguard programmes are required for sfimulafing advances in 
fhe leading edge of urban wafer efficiency, resource recovery and ecological 
susfainabilify."One of ifs five goals is fo opfimise fhe design and operafion of 
exisfing sysfems in fhe builf environmenf in fhe shorf ferm (IWA, 2010). 

In fhe European Union (EU) sixfh Eramework projecf "Susfainable 
Wafer Managemenf Improves Tomorrow's Cifies Flealfh" (SWITCIT, 2010), 
Sformwafer Managemenf is one of fhe six research fhemes. Ifs objecfives 
include fhe developmenf of concepfs of susfainable sformwafer resource use 
which cifies can ufilize for fheir own sformwafer managemenf sfrafegies. 
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and to identify catchment-scale stormwater management strategies for infe- 
grafion info urban land managemenf planning. The research fheme has 
invesfigafed and produced reporfs on fhe use of alfernafive hybrid and refro- 
fif fechnological approaches, including consfrucfed weflands for sformwafer 
confrol which confribufe aesfhefically fo fhe urban environmenf and provide 
accepfable levels of prevenfion/profecfion againsf flooding, wafer pollufion, 
and wafer shorfage when exposed fo exfreme evenfs and condifions (Scholes 
and Shufes, 2007; Shufes, 2009). 

To ensure a secure wafer supply info fhe fufure, cifies musf become "wafer 
sensifive" by reducing wafer use per capifa, minimizing wasfewafer, encour- 
aging wafer recycling, and mifigafing anfhropogenic impacfs on aquafic eco- 
sysfems. Wafer Sensifive Urban Design (WSUD) involves a proacfive process 
which recognizes fhe opporfunifies for urban design, landscape archifecfure, 
and sformwafer managemenf infrasfrucfure fo be infrinsically linked (Wong, 
2006). Urban sformwafer and freafed effluenfs will be reused for landscape 
irrigafion and groundwafer recharge in fhe cifies of fhe fufure. All fhree com- 
ponenfs, fhaf is, wafer supply, sformwafer, and wasfewafer will be considered 
and managed in a closed loop (Novofny and Brown, 2007). One of fhe feafures 
of fufure cifies will be localized drainage nefworks comprising more surface 
rafher fhan underground sysfems. The increase in sformwafer storage vol- 
umes and infilfrafion volumes provided by besf managemenf pracfices (BMPs), 
including consfrucfed weflands, will reduce fhe volumes of sformwafer dis- 
charged fo fhe sewer system and fo wasfewafer freafmenf planfs (WWTPs), 
fhus lowering fhe energy cosfs of operafing fhese planfs. The infroducfion of 
sformwafer reuse confribufes fo Infegrafed Urban Wafer Managemenf (lUWM) 
wifhin fhe urban wafer cycle by conserving fhe qualify of drinking wafer sup- 
plies (by using fhe lowesf qualify of wafer for lowesf qualify needs) and gener- 
afing wafer supplies for urban agriculfure and ofher uses. 

A summary of fhe benefifs fo an lUWM program of infroducing or refrofif- 
fing a drainage system wifh consfrucfed weflands and ofher BMP fypes is 
shown in Table 19.1. Cosf-benefifs will accrue from a reducfion in wafer pollu- 
fion and flooding. The enhancemenf of urban biodiversify and fhe landscape 
from fhe use of weflands, ponds, and basins will also have a cosf-benefif in 
ferms of increasing properfy values. Direcf and indirecf improvemenfs in 
fhe qualify of life and healfh of fhe urban populafion will resulf from an 
infegrafed program of sformwafer, wasfewafer, wafer supply and demand 
managemenf, and environmenfal educafion. 



Flood Prevention and Pollution Control 

The European Water Framework Directive (WFD) was the main driver 
behind the review of drainage systems and the implementation of BMPs 
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TABLE 19.1 

lUWM Benefits from the Development of BMP Drainage Systems 



Technical 


Environmental 


Community 


Costs 


Planning 


tPollution and 


tMaintaining 


tEnvironmental 


fDrainage 


tLandscape 


flooding 


receiving 


education. 


system costs 


and flood 




water volumes 


information 




management 






and training 




planning 


tRun-off 


tWater quality 




fO&M costs 




volumes to 
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timpermeable 


tWildlife 


tStakeholder 


fWWTP run-off 


tControl of 


surface area 


habitats 


consultation 


treatment costs 


impermeable 

surfaces 


t Stormwater 


tBiodiversity 


tCommunity 


fRetrofit costs 


t Surface water 


storage volumes 


and landscape 


participation 




drainage 



t represents an increase; J, represents a decrease. 



in the following examples of European cifies. The Greafer Dublin Sfrafegic 
Drainage sfudy recommended fhe use of BMPs fo be greafly increased in fhe 
cify and ifs surrounding region. In addif ion fo fhe benefifs of sformwafer con- 
frol and fhe prevenfion of flooding, BMPs will bring benefifs fo developers 
as well as fhe public by enhancing fhe value of exisfing and new properfies 
(Doyle ef al., 2003). On fhe river Tolka, which is prone fo flooding in fhe cify 
and region of Dublin, refrofif weflands have been infroduced since 2001 on 
problem surface wafer sewers prior fo discharge info fhe river (D'Arcy and 
Chouli, 2007). In Tolka Valley Park, fhe refrofiffing of a pond receiving sform- 
wafer and misconnecfed domesfic wasfewafer as a consfrucfed wefland has 
reduced nufrienf discharges and algal scum and enhanced biodiversify wifh 
fhe reinfroducfion of fhe common frog, one of fhe fhree amphibian species 
in Ireland (Dublin Cify Council, 2010). 

Augusfenborg is an inner cify suburb of Malmo, soufhern Sweden, which 
previously experienced flooding during heavy sforms from Combined Sewer 
Overflows (CSOs). An open sformwafer sysfem was infroduced in 2001 and 
drainage fo fhe combined sewer sysfem was disconnecfed. Communify 
parficipafion was an imporfanf facfor in fhe implemenfafion of sformwafer 
disconnecfion. Sformwafer now passes fhrough a complex sysfem of green 
roofs, swales, channels, defenfion ponds, and small weflands (Villarreal 
ef al., 2004). The ponds and small weflands are designed fo affenuafe 10 year 
even! rainfall, and fhe green roofs are effecfive af reducing fofal run-off. The 
cify of Nijmegen aimed fo disconnecf 20% of paved surfaces in urban areas 
wifhin a decade communcing 1997. Grass swales, infilfrafion frenches, and 
wefland sysfems have been developed, and visual wafer arfs projecfs imple- 
menfed fo raise public awareness of sformwafer. Emscher is a region (named 
affer fhe river) of Germany which is drained by surface wafer channels 
fhaf acf as combined sewers. The sysfem is currenfly being replaced over a 
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period of 15 years with sanitary sewers and retrofit source-based stormwa- 
ter management systems such as constructed wetlands, where feasible. The 
total amount of stormwater carried by the system is aimed to be reduced by 
15%. A GIS-based planning tool has been used to highlight and prioritize 
the feasible level of disconnection in each subarea. In the United Kingdom, 
constructed wetlands for the treatment of stormwater comprise around 5% 
of the probable total number but they are increasing in response to the WFD 
and the promotion of Sustainable Urban Drainage Systems (SUDS) (Shutes 
et al., 2005). A survey of 182 drainage sites in Glasgow and Edinburgh, 
Scotland, indicated appropriate individual BMP techniques or short BMP 
treatment trains for retrofitting existing drainage systems and for future 
developments (Scholz, 2007). Glasgow has higher volumes of rainfall run-off 
and considerably more regeneration sites with potential for developing con- 
structed wetlands than Edinburgh, which has a lack of affordable space and 
will therefore rely on retrofitting other BMP types. A BMP Decision Support 
Matrix was prepared comprising dominant criteria including the area avail- 
able for the BMP and the quality of the run-off and it specifies the technical 
conditions for the implementation of the corresponding BMP. The supple- 
mentary criteria included catchment size and land value and were weighted 
according to their relative importance for each BMP technique. 

A system for the selection of BMP types has been developed in the 
European Union (EU) Day Water project. The Adaptive Decision Support 
System (ADSS) for Stormwater Pollution Gontrol involves a multi-criteria 
decision-making system, the multi-criteria comparator (MGG), which 
includes technical, socio-economic, and environmental criteria for evalu- 
ating and identifying the most preferred BMP option, and a shortlist or 
ranking of options (Pigure 19.1; Ellis et al., 2008). The Day Water ADSS 
website address is www.daywater.in2p3.fr/EN (user name "guest" and 
password "guest"). 

The different drainage options can be scored by stakeholders against each 
of the identified indicators on a scale of 0-5. Por example, if it is considered 
that a particular option (e.g., constructed wetland) does not contribute any- 
thing toward the "pollution control" indicator; it is awarded a score of "0." 
However, if constructed wetlands are considered to offer the best oppor- 
tunity for pollution control, a score of "5" is awarded. When developing 
scores, it is often easiest to decide on the "best" and "worst" options with 
respect to a particular indicator, and then agree on how well the "interme- 
diate" options contribute to meeting the indicators relative to these identi- 
fied "best" and "worst" options. The desired percentage weightings for the 
indicators need to be entered to reflect the importance that the stakeholder 
places on each of the six criteria. A weighting of 0% indicates that an indica- 
tor or criterion is not to be considered within the MGG. The system handles 
a large amount of information in a consistent way and facilitates discus- 
sions between the various stakeholders involved with the BMP decision- 
making process. 
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FIGURE 19.1 

Part of the MCC page on the DayWater website. 



In the United States, several states provide stormwater and BMP manage- 
ment manuals online. The Iowa Stormwater Management Manual (2008) 
notes that stormwater wetlands require a minimum drainage area of 10 ha 
in order to maintain the vegetation and a wetland surface area of 3%-5% of 
fhe drainage area in order fo reduce peak flows and affenuafe floods. The 
Cify of Porfland Environmenfal Services provides advice on ifs Susfainable 
Sformwafer Managemenf program. This projecf aims fo maximize fhe refen- 
fion, freafmenf, and infilfrafion of sfreef run-off, while providing improved 
safely and a visual amenify for fhe neighborhood. A Green Sfreef program has 
inf roduced pockef weflands fo fhe sides of sfreefs in order fo reduce imperme- 
able surface area, and fo enable sformwafer fo infilfrafe and recharge ground- 
wafer and surface wafer. A consfrucfed wefland sysfem named Glencoe Rain 
Garden, locafed adjacenf fo a sfreef, provides 80% reducfion in peak flows, 
88% flow volume refenfion annually over 3 years, and profecfs downsfream 
properfies from backups (Kurfz, 2007). There is also a program of disconnec- 
fion of roof-draining downspoufs from fhe mains sewers, allowing irrigafion 
of gardens and drainage info fhe soil. In addifion fo fhe wafer qualify and eco- 
logical benefifs fo fhe local Willameffe River from reduced GSO discharges, 
residenfs experienced an enhancemenf of fheir sfreef landscape and improved 
irrigafion of fheir gardens (Porfland Environmenfal Services, 2009). 

The rapid urbanizafion of Kaohsiung cify in soufh Taiwan, ifs locafion in 
a plain below mounfains and sub-fropical climafe wifh high rainfall, has 
increased ifs suscepfibilify fo flooding. The cify and counfy governmenfs 
have consfrucfed flood defenfion ponds, arfificial lakes, and weflands fo 
reduce fhe discharge fo sformwafer drainage sysfems. The wefland park 
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systems not only regulate the water flow rate and reduce the buildup of 
sediment sludge in wet weather but also provide recreation, amenities and 
environmental education. Some of fhe restored and created weflands in fhe 
lower terrains can also be used as defenfion ponds to regulate floods in wef 
weafher. The river passing fhrough Shezihlinpi Wefland Park was heavily 
polluted by discharges of domesfic wasfewafer and confaminafed sformwa- 
fer and by garbage dumping. If was resfrucfured as a wefland park in which 
fhe confaminafed wafer is freafed by a floafing consfrucfed wefland wifhin 
fhe river planted wifh Wafer Hyacinfh {Eichhornia crassipes). The wefland 
park has an area of 3.75 ha, an average wafer depfh of 1.5 m, and a sforage 
volume of approximately 56,250 m^. The park land nexf fo fhe river provides 
a focal poinf for fhe communify fo meef and relax and parficipafe in ifs man- 
agemenf. Singapore infroduced a program for wafer sensifive urban design 
in 2006 which includes consfrucfed weflands for fhe freafmenf of sformwafer 
and ofher wasfewafers. The Sungai Buloh surface flow sformwafer freafmenf 
consfrucfed wefland was complefed in 2009 wifh an area of 1000 m^ and 6000 
planfs of six species and a nufrienf removal performance of 64.4% for fofal 
nifrogen and 24.4% for fofal phosphorus (Sim, 2010). 

The firsf Malaysian urban drainage manual advised on convenfional drain- 
age systems fo provide rapid fransporf of sformwafer run-off from cafchmenfs 
fo receiving wafers (DID, 1975). However, fhese systems have led fo an increase 
in fhe occurrence of flash floods and levels of wafer pollufion downsfream of 
fhe cafchmenfs. The increase in fhe urban populafion of Malaysia from 26.8% 
in 1970 fo 50.7% in 1991 and a projected value of 65% by 2020 has exacerbated 
fhe problem of flash flooding. The currenf Urban Sformwafer Managemenf 
Manual for Malaysia (DID, 2001) promotes fhe applicafion of BMPs fo confrol 
fhe quanfify and qualify of sformwafer and eliminafe fhe impacf of fufure 
developmenf. A sformwafer managemenf plan in fhe cify of Ipoh, Malaysia, 
where cafchmenf planning, urban inf rasfrucfure and services, and sfakeholder 
parficipafion have been addressed, illusfrafes fhe imporfance of Infegrafed 
Urban Wafer Managemenf (Parkinson and Mark, 2005). 

One solufion fo fhe problem of infroducing BMPs in urban areas is fo 
create new cifies; for example, fhe cify of Pufrajaya, Malaysia, wifh 70% of 
fhe land area allocated as public open green space, illusfrafes fhis solufion. 
The Pufrajaya wefland system, consfrucfed in 1997 and consisfing of 24 
consfrucfed weflands (200 ha) and a downsfream lake (400 ha), is locafed in 
Pufrajaya, fhe new Federal Governmenf Adminisfrafive Center in Malaysia 
(Figure 19.2). The wefland system and fhe lake provide an ecological corridor 
and enhancemenf of fhe visual landscape and biodiversify. If freafs sform- 
wafer in fhe cafchmenf area, provides flood confrol, and demonsfrafes fhe 
concepf of susfainable developmenf in an urban area (Sim ef al., 2008). 

A fofal of 12.3 million individual planfs of 62 wefland species were planfed 
in fhe wefland zone. Of fhese species, 27 are emergenf marsh species includ- 
ing Phragmites karka, Typha angustifolia, Lepironia articulata, Eleocharis dul- 
cis, and Scirpus grossus. This planfed marsh area covers abouf 40% of fhe 
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FIGURE 19.2 

Constructed wetland cell. Putrajaya, Malaysia. 



wetland area. Putrajaya Wetland with its high diversity of plants and fish has 
affracfed various fypes of wildlife including more fhan 100 species of birds 
and insecfs. The infroducfion of insecfivorous fish has confrolled mosqui- 
foes, a pofenfial hazard of consfrucfed weflands in hof climafes. 

The weflands have generally shown good wafer qualify improvemenf, buf 
silf run-off from surrounding developmenf land has resulfed in low pol- 
lufanf removal in some monfhs especially during fhe wef seasons. Silfafion 
has resulfed in fhe wefland bed becoming shallower and ferresfrial weeds 
have invaded fhe wefland cells. To ensure fhe susfainabilify of fhe wefland 
sysfem, Pufrajaya Corporafion has implemenfed fhe Pollufers Pay Principle, 
where developers who cause silfafion in one wefland cell will be responsible 
for fhe desilfing work and wefland plan! replacemenf. 

BMPs can be refrofiffed under a number of condifions including; af fhe 
fime of building refurbishmenf; during drainage improvemenf for large 
areas such as frading esfafes or where fhere are unsafisfacfory CSOs; and 
fhrough incenfives fo properly owners fo discormecf roof or driveway run-off 
from fhe public drainage sysfem (Gordon-Walker ef al., 2007). When selecf- 
ing ponds or weflands for refrofiffing or consfrucfion on new developmenfs, 
fhe requiremenfs for flow affenuafion, wafer sforage, or pollution freafmenf 
should be considered. Sysfems wifh a high degree of permanenf pool vol- 
ume have dissolved oxygen and redox pofenfial condifions fhaf may lead fo 
remobilizafion of confaminanfs in fhe sedimenf. These factors are overcome 
in consfrucfed weflands, wifh fheir characferisfic cycles of filling and drain- 
ing (Wong ef al., 1999). Headley and Tarmer (2006) suggesf fhaf floating freaf- 
menf weflands may be suifable for incorporating info sformwafer wefland 
sysfems and especially fhose suffering vegefafion decline due fo inappropri- 
afe wafer depfhs and excessive inundafion. A Wafer Environmenf Research 
Foundation (2009) sfudy found fhaf fhe level of mainfenance specified 
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had a pronounced effect on the whole-life cost for most BMP facilities. For 
instance, the level of maintenance for retention ponds and wetlands had a 
much greater influence on whole-life cost than construction cost. Also, the 
model developed by the Water Environment Research Foundation (WERE) 
study predicted that small sites with a high level of maintenance would have 
a greater whole-life cost compared with facilities that were 10 times as large, 
but maintained at low or medium levels. The costs of developing or retrofit- 
ting, operating, and maintaining a drainage system are normally lower for 
BMPs than for a traditional system, but the high land-take required by wet- 
lands is a major cost factor in their selection. 



Stormwater Reuse 

Stormwater can be used for aquifer and groundwater recharge and reused 
for non-potable use in homes, for example, garden watering, toilet flushing, 
hot water supply, and car washing, and for commercial/industrial use in 
cooling towers, cleaning processes, and electricity generation. The benefits 
of stormwater reuse include freeing-up capacity within sewerage systems, 
thus facilitating further development; decreased volumes of treated effluent 
flows to receiving waters; reducing water bills for the community; and in less 
economically developed countries, reducing the incidence of water-related 
diseases as reused stormwater is usually of better quality than water from 
traditional sources. 

Rousseau et al. (2008) note that large-scale applications of water reuse of 
effluent from constructed wetlands are widespread in Australia and the 
United States but less common in Europe. Australia uses 320 L of water per 
capita per day for domestic purposes, and its cities will have a predicted 
15% average decrease in rainfall by 2030. A significant volume of rainwater 
in Australia becomes stormwater run-off, and in Sydney, it is estimated that 
420 GL of stormwater is discharged into the sea every year. The Metropolitan 
Adelaide stormwater reuse project (Australia Government Department of the 
Environment, Water, Heritage and the Arts, 2009) uses constructed wetlands 
to pretreat stormwater before pumping it through bores to underground 
water supplies beneath the city. It will save 1000 ML of water per year by 
using stormwater to replace water drawn from underground supplies for the 
irrigation of parks and gardens. In Northern Adelaide, the Gity of Playford's 
parks and reserves will be irrigated by 570 million liters of water per year 
from 4 ha of constructed wetlands (Australian Academy of Science, 2008). 

In general, stormwater BMPs can potentially offer improved safety over 
conventional drainage systems, given the reduced presence of gully pots and 
drain covers, while the total separation of surface drainage systems means 
fewer routes for vermin to enter piped systems. In addition, the reduction 




Remediation and Reuse of Stormwater by Ecotechnology 



425 



in volume and peak flow rates will reduce the hazards of downstream flash 
floods to the public and sewer operators. If designed appropriately, BMPs 
should present fewer risks in ferms of healfh and safety, although there are 
undoubtedly concerns associated with the provision and operation of drain- 
age facilities in public open spaces which have the potential for healfh effecfs 
due fo fhe presence of insect vectors, vermin and algal blooms in open water 
or the margins of ponds and weflands. 

The Australian National Guidelines for Water Recycling: Managing Health 
and Environmental Risks, Phase 2 (2009) address urban stormwater reuse 
and managed aquifer recharge for end uses including drinking water supply, 
non-drinking purposes and ecosystem protection. An aquifer storage trans- 
fer and recovery (ASTR) projecf is aimed fo defermine if sformwater from 
an urban mixed residential catchmenf could be harvesfed fhrough an engi- 
neered wetland and recovered at a potable quality (Figure 19.3). However, the 
project partners are not currently advocating the use of stormwafer as drink- 
ing water. In the demonstration project in Salisbury, a suburb of Adelaide, 
stormwafer was freated by passing if fhrough a consfructed wefland and 
injecting if via a well info a brackish limestone aquifer 160 m belowground 
for sforage. After 12 months, the stored water was recovered and treated to 
drinking water quality (CSIRO, 2010). 

Stormwater harvesting captures 70% of surface run-off in Salisbury, 
300 ML / year or 2% of demand, of which 40% is passed to water supply to munic- 
ipal irrigation and third pipe systems and 60% injected to ASTR. Salisbury 
has been a demonstration site for ASTR of sformwater in the European Union 
(EU) water reclamation technologies for safe artificial groundwater recharge 
project, with the objective of developing hazard mitigafion technologies for 
water reclamation and providing safe and cosf-effective routes for arfificial 
groundwater recharge (RECLAIM, 2006). However, because stormwater 
supply is intermittent in comparison to the continuous supply of reclaimed 
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FIGURE 19.3 

Diagram of system processing stormwater to drinking water. (From Commonwealth Scientific 
and Industrial Research Organisation (CSIRO), Storage and treating stormwater for reuse 
using aquifers, http://www.clw.csiro.au/research/urban/reuse/projects/ASTRbrochure.pdf, 
2010. Copyright CSIRO Land and Water. 
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wastewater, the cost of its storage infrastructure and overall costs are higher 
than for reclaimed wasfewafer (McCann, 2010). 

The design of Sydney Olympic Park (SOP) was based on fhe concepf of an 
infegrafed urban wafer cycle and includes land rehabilifafion, flood allevia- 
fion, aquafic habifaf resforafion, sformwafer storage and reuse, pollufion con- 
frol, and recreafional provision. Thirfy differenf consfrucfed weflands were 
created onsife, a wafer storage basin was developed in a disused brick pif, and 
fhe main sfadium has 3 ML/day storage for rainwafer. The source of reclaimed 
wafer is a "sewer mine" supplemented by surface run-off from fhe brick pif. 
Wafer use af SOP is 48% recycled, 46% direcf sformwafer reuse, and 6% pofable. 
Of fhe recycled wafer, 60% is used for irrigafion and washdown (Scholes and 
Shufes, 2007). The World Games 2009 sfadium in Kaohsiung Cify, Taiwan, is a 
recenf example of fhe applicafion of susfainable design principles to a sporfs 
sfadium. The fofal area, including fhe sfadium and surrounding facilifies, is 
19 ha of which 7ha were used to consfrucf green belf, bike frack, sporfs-park, 
consfrucfed weflands and ponds. The sfadium was designed to collecf rain- 
wafer from fhe roof and store if in fanks, and to recycle and reuse fhe gray 
wafer, which is used for irrigafing grassland, washing solar cells on fhe roof, 
and providing a wafer source for eco-ponds. The weflands and ponds in fhe 
surrounding parks were designed wifh gradual slopes and planted wifh frees, 
shrubs, and aquafic planf species along fhe lake shore to imifafe a nafural river 
wifh upsfream, middle sfream, and downsfream secfions. 

The Chongqing gray wafer demonsfrafion projecf will be located in fhe 
New Huxi Campus of Chongqing Universify (CQU) (SWITCH, 2010). There 
are fwo large lakes in fhe teaching area, and one in fhe residenfial area. In 
fhe firsf phase, abouf 250,000 m^ of lecfure, laboratory and sfudenf building 
have been consfrucfed. An infegrafed scheme combining gray wafer reuse, 
landscaping and aesfhefics is proposed (Figure 19.4). The gray wafer from 
21 high-rise buildings will be collecfed and freafed onsife by a consfrucfed 
wefland, and fhe rainwafer will be capfured and freafed onsife wifh shallow 
grass frenches, swales, and consfrucfed weflands. The reclaimed wafer (bofh 
gray wafer and rainwafer) will be used as fhe source of landscape irrigafion 
and will complemenf fhe lake wafer. The gray wafer demonsfrafion projecf 
for fhe new campus of CQU will reduce fhe consumpfion of pofable wafer by 
150 ML/year. If fhis projecf can be replicafed af 10 sifes in each cify in China, 
if will reduce fhe consumpfion of pofable wafer by 990 billion lifers per year 
or fhe fufure wafer supply shorfage in China by 2.5%. 



Conclusion 

BMPs for urban drainage will increase sformwafer storage and infilfrafion 
volumes and reduce fhe volumes of sformwafer discharged fo fhe sewer 
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FIGURE 19.4 

Flow diagram of sustainable water system in new campus, CQU. 



system, receiving waters, and to wastewater treatment plants. Cost-benefits 
will also accrue from a reducfion in wafer pollufion and flooding. The cosfs 
of developing or refrofiffing and operafing and mainfaining a drainage sys- 
fem are normally lower for BMPs fhan for a fradifional drainage sysfem, and 
alfhough fhere is a high land cosf required by weflands, fhe whole-life cosf 
of fheir mainfenance is lower fhan for small BMPs requiring a high level of 
mainfenance. 

The reuse of wafer stored in weflands confribufes fo Infegrafed Urban 
Wafer Managemenf (lUWM) wifhin fhe urban wafer cycle by conserving fhe 
qualify of drinking wafer supplies and fhus reducing wafer freafmenf vol- 
umes, cosfs and energy consumpfion. Sformwafer supply is infermiffenf in 
comparison fo fhe confinuous supply of reclaimed wasfewafer, and fhe cosf 
of ifs storage infrasfrucfure and overall cosfs are higher fhan for reclaimed 
wasfewafer. An aquifer storage fransfer and recovery (ASTR) program in 
Ausfralia will provide drinking wafer from urban sformwafer, and several 
cifies globally are developing fhe reuse of wafer stored in weflands for fhe 
irrigafion of public parks. 



Acknowledgments 

We wish fo acknowledge fhe supporf of fhe EU FP6 SWITCH (Susfainable 
Wafer Managemenf Improves Tomorrow's Cifies' Healfh) projecf and fhank 
fhe Commonwealfh Scienfific and Indusfrial Research Organisafion (CSIRO) 
for permission fo use Figure 19.3. 





428 



Environmental Contamination 



References 

Australian Academy of Science. 2008. Stormwater — Helping to tackle Australia's 
water crisis, http:/ /www.science.org.au/nova/105/105print.htm 

Australian Government Department of the Environment, Water, Heritage and the 
Arts. 2009. Water for the future. Metropolitan Adelaide stormwater reuse proj- 
ect. http: / / www.environment.gov.au / water/ policy-programs/water-smart/ 
projects/ sajl.html 

Australian National Guidelines for Water Recycling: Managing Health and 
Environmental Risks, Phase 2. 2009. http://www.ephc.gov.au/ephc/water_ 
recycling.html 

Commonwealth Scientific and Industrial Research Organisation (CSIRO). 2010. 
Storage and treating stormwater for reuse using aquifers, http://www.clw. 
csiro.au/ research/ urban/reuse/ projects/ ASTRbrochure.pdf 

D'Arcy B, Chouli E. 2007. Europe's drainage gains — Practical experiences of innova- 
tion in integrated urban infrastructure. Water 21: 29-31. 

Department of Irrigation and Drainage (DID), Malaysia. 1975. Planning and Design 
Procedure No. 1: Urban Drainage Standards and Procedure for Malaysia. DID, 
Malaysia. 

Department of Irrigation and Drainage (DID), Malaysia. 2001. Urban Stormwater 
Management Manual for Malaysia. DID, Malaysia. 

Doyle P, Hermelly B, McEntee D. 2003. SUDS in the Greater Dublin Area. National 
Hydrology Seminar, Dublin, Ireland, pp. 77-82. 

Dublin City Council. 2010. Tolka Valley Park, http://www.dublincity.ie/ 
RecreationandCulture/DublinCityParks/VisitaPark/Pages/TolkaValleyPark. 
aspx 

Ellis }B, Revitt DM, Scholes L. 2008. The daywater multi-criteria comparator. In: 
Thevenot, D. (Ed.) Daywater: An Adaptive Decision Support System for Urban 
Stormwater Management. IWA Publishing, London, U.K. 

Gordon-Walker S, Harle T, Naismith I. 2007. Cost-benefit of SUDS retrofit in urban 
areas. Science Report-SC060024. Environment Agency for England and Wales, 
Bristol, U.K. 

Headley TR, Tanner CC. 2006. Application of Floating Wetlands for Enhanced Stormwater 
Treatment: A Review. National Institute of Water & Atmospheric Research Ltd, 
Hamilton, New Zealand. 

International Water Association. 2010. Cities of the Future, http://www.iwahq.org/ 
Home / Themes / Cities_of_the_Future / Introduction / 

Iowa Stormwater Management Manual. 2008. 2H-1 General Information for 
Stormwater Wetlands, www.iowasudas.org/stormwater 

Kurtz T. 2007. Peak flow and flow volume reductions for urban retrofit projects. 
Presentation to 2nd National Low Impact Development (LID) Conference, 12-14 
March, Portland, Oregon. 

McCann B. 2010. Stormwater reclamation boosts Australia's reserves. Water 21 : 25-27. 

Novotny V, Brown P. 2007. Cities of the Future: Towards Integrated Water and Landscape 
Management. International Water Association (IWA) Publishing, London, U.K. 

Parkinson J, Mark O. 2005. Urban Stormwater Management in Developing Countries. 
International Water Association (IWA), London, U.K. 




Remediation and Reuse of Stormwater by Ecotechnology 



429 



Portland Environmental Services. 2009. Portland Green Street Program, http:/ / www. 
portlandonline.com/bes/index.cfm?c=4407& 

RECLAIM. 2006. Water reclamation technologies for safe artificial groundwater 
recharge project. EU 6th Framework RECLAIM project. http://www.reclaim- 
water.org 

Rousseau DPL, Lesage E, Story A, Vanrolleghem PA, De Pauw N. 2008. Constructed 
wetlands for water reclamation. Desalination 218: 181-189. 

Scholes L, Shutes B. 2007. Catalogue of Options for the Reuse of Stormwater. Deliverable 
Task 2.2.1 Part A. EU 6th Framework SWITCH project, Sustainable Water 
Management in the City of the Future, http:/ / www.switchurbanwater.eu 

Scholz M. 2007. Development of a practical best management practice decision sup- 
port model for engineers and planners in Nordic coimtries. Nordic Hydrology 
38(2): 107-123. 

Shutes B. 2009. A Design Manual Incorporating Best Practice Guidelines for Stormwater 
Management Options and Treatment Under Extreme Conditions. Part B: The Potential 
of BMPs to Integrate with Existing Infrastructure (i.e. Retro-Fit /Hybrid Systems) 
and to Contribute to Other Sectors of the Urban Water Cycle. Deliverable Task 2.1.2 
Part B. August 2008. EU 6th Framework SWITCH Project, Sustainable Water 
Management in the City of the Future, http:/ / www.switchurbanwater.eu 

Shutes RBE, Ellis JB, Revitt DM, Scholes LNL. 2005. Constructed wetlands in UK 
urban surface drainage systems. Water Science and Technology 51(9): 31-37. 

Sim CH. 2010. Implementation of wefland systems in Singapore. IWA Specialist Group 
on Use of Macrophytes in Water Pollution Control Newsletter No. 36, pp. 22-27. 

Sim CH, Yusoff MK, Shutes RBE, Ho SC, Mansor M. 2008. Nutrient removal in a 
pilot and full scale consfrucfed wefland, Putrajaya city, Malaysia. Journal of 
Environmental Management 88: 307-317. 

Sustainable Water Management Improves Tomorrow's Cities Health (SWITCH). 
2010. EU 6th Framework SWITCH project, http:/ /www.switchurbanwater.eu 

UN. 2009. World population prospects: 2008 revision, http://esa.un.org/unpd/ 
wpp2008 / peps_documents.htm 

Villarreal EL, Semadeni-Davie A, Bengtsson L. 2004. Inner city stormwater control using 
a combination of besf management practices. Ecological Engineering 22: 279-298. 

Water Environment Research Foundation (WERE). 2009. Performance and Whole- 
Life Cosfs of BMPs and SUDS (01CTS21TA). Water Environment Research 
Foundation, www.werf.org 

Wong THE. 2006. An overview of water sensitive urban design practices in Australia. 
Water Practice and Technology 1(1), doi: 10.2166/WPT.2006018. 

Wong THE, Breen PE, Somes NLG. 1999. Ponds vs wetlands — Performance consid- 
erations in stormwater quality management. Proceedings of the 1st South Pacific 
Conference on Comprehensive Stormwater and Aquatic Ecosystem Management, 
Auckland, New Zealand, February 22-26, 1999, vol. 2, pp. 223-231. 




20 



Phytostabilization for Sustainable End-Use 
of Arsenic-Rich Mine Tailings in the 
Victorian Goldfields^ Australia 



Augustine Doronila, Ron T. Watkins, and Alan J.M. Baker 
CONTENTS 

Introduction 431 

Background 432 

Tailings 433 

Tailings Management 434 

Experimental Facilities 434 

Methods 435 

Rehabilitation Strategies 435 

Projected End-Use 436 

Cover Materials 436 

Plant Species 437 

Experimentation 437 

Results 438 

Establishment of Perennial Pastures 438 

Native Grasses 438 

Exotic Species 439 

Establishment of Eucal 5 ^fs 440 

Geochemical Developmenf of Subsfrafe 441 

Discussion 443 

Acknowledgmenfs 448 

References 449 



Introduction 

Anfhropogenically generated arsenic (As) contamination is an ever- 
increasing problem worldwide at many mine tailings storage facilities (TSFs). 
Phytostabilization provides an attractive technology for long-term remedia- 
tion of areas for many mine TSFs which contain large amounts of arsenic. 
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Important characteristics of vegetation for phyfosfabilizafion include As 
folerance and low As accumulafion in order fo resfricf food chain fransfer. 
In parallel wifh geochemical sfudies on fhe oxidafion and formafion of sec- 
ondary minerals of sulfide failings, fhe life cycle of fhe vegefafion needs fo 
be monifored long ferm fo defermine if fhis sfrafegy is susfainable and self- 
perpefuafing; fhis is rarely done. In fhe case of Sfawell Gold Mine, Victorian 
Goldfields of soufheasfern Ausfralia, early planning for mine closure sfrafe- 
gies has provided a unique opporfunify fo adequafely fesf regulatory cap- 
ping prescripfions for failings surfaces prior fo final implemenfafion. 

This chapfer provides an overview of ecological and geochemical research 
info rehabilifafion of sulfidic failings underfaken on purpose-builf facilifies 
af Sfawell Gold Mine, from May 2001 onward. The field frials were preceded 
by glasshouse sfudies fhaf indicafed fhe rehabilifafion sfrafegies mosf likely 
fo prove successful. Resulfs of fhese sfudies info fhe growfh of grasses and 
eucalypfs, fhe influence of mycorrhizae on growfh, and fhe upfake of arsenic 
and mefals info planf fissues are nof reporfed in defail here, alfhough fheir 
relafion fo fhe field frials and implicafions for rehabilifafion are discussed. 
The experimenfafion was designed fo fesf fhe efficacy of fhin, permeable 
covers in fufure rehabilifafion of a 100 ha TSF. The frialed covers, which 
were designed fo provide a more environmenfally susfainable alfernafive 
fo fhe proscribed impermeable cover, involved amendmenf of fresh fail- 
ings wifh locally derived maferials fo generafe subsfrafes suifable for planf 
growfh. Wifhin fhe fime limifafions of fhe field sfudies, if is concluded fhaf 
culfivafion of selected nafive Ausfralian frees and grasses is pracfical on 
sulfidic failings af Sfawell Gold Mine after simple amendmenf of fhe sur- 
face, and fhis may provide a susfainable vegefafive cover able fo resfricf 
surface erosion and fhe release of acidic drainage, whilsf imparfing value fo 
fhe rehabilifafed land for fhe local communify. 



Background 

Environmenfally sound storage of sulfide-bearing failings is a crifical com- 
ponenf of susfainable gold mining in fhe Vicforian Goldfields, where fhe gen- 
erafion of acid mine drainage (AMD) confaining arsenic and heavy mefals in 
solufion may seriously affecf groundwafer and fhe surface environmenf in a 
region of compefing land use. Gapping of sulfidic failings wifh an imperme- 
able cover is frequenfly proscribed for mine closure fo averf such environ- 
menf al impacfs. This may be difficulf fo engineer for large volume failings 
and is prohibifively expensive where nafural impermeable maferials (e.g., 
clays) are locally unavailable. Furfhermore, an impermeable cover makes 
self-susfaining revegefafion difficulf fo insfafe leaving fhe sfrucfure prone fo 
physical degradafion (e.g., sfream gullying) and resfricfing fhe possibilifies 
for end land use. Whereas failings in fhe Vicforian Goldfields are commonly 
rich in sulfides, fhey fypically have significanf acid neufralizing capacify 
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(ANC). The resulting self-neutralizing characteristic provides opportunity 
for environmenfally sound surface sforage wifhouf encapsulafion. 



Tailings 

Sfawell Gold Mine, 230 km norfhwesf of Melbourne (Figure 20.1), is deposif- 
ing failings info a TSF (Tailings Dam No. 2) of ~100ha which, af fhe fime 
of mine closure, will confain a minimum of 10 million fons of failings 
wifh sulfide confenf of around 2-6 wf%. The predominanf sulfide is pyrife, 
alfhough fhere are lesser amounfs of pyrrhofife, arsenopyrife, and sphalerife. 
Characferisfically of fhe Vicforian Goldfields, fhe failings confain signifi- 
canf quanfifies of arsenic, presenf in solid solufion in pyrife as well as in fhe 
arsenopyrife. Acid/base accounfing of failings deposifed during fhe period 
of fhis sfudy shows fhem fo be "non-acid producing" or occasionally very 
weakly acid-producing. Nef Acid Producing Pofenfial (NAPP) of 48 samples 
from fhe main experimenfal facilify Tailings Experimenfal Research Facilify 
(TERF) had an average maximum pofenfial acidify of 106.23 kg FI 2 SO 4 / 
fon and an acid neufralizing capacify (ANG) of 147.82 kg Fl 2 S 04 /fon, i.e., 
NAPP = -41.58 kg Fl 2 S 04 /fon. The inherenf abilify of fhe failings fo neufralize 
acid solufions produced by sulfide oxidafion is readily observed wifhin exca- 
vafions made info fwo older TSFs, which show a sharply fronfed oxidized 




FIGURE 20.1 

Location of Stawell Gold Mine in the Victorian Goldfields. 
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zone extending downward from the surface. Minor carbonate contributes to 
the ANC, which is however dominantly accredited to the large (>40%) con- 
tent of chlorite and chloritoid able to exchange cations, including H+. 



Tailings Management 

The active TSF (Tailings Dam No. 2) has been developed within a shallow 
dammed valley and is fed by marginal spigots. Processed lime gives the tail- 
ings slurry a pH ~10.5 at the time of deposition and buffers any immediate 
acidification. Evidence of sulfide oxidation is limited to minor iron-staining 
at the edges of the TSF and rarely in thin encrustations on dried portions 
of the surface. The entire surface is utilized by sequential operation of the 
spigots and will continue to be so throughout mine life, which is expected 
to be a minimum of 9 years. The initial mine closure plan called for the cap- 
ping of the TSF with a minimum of 10 cm of impermeable material (clay) and 
a further 30 cm cover of compacted inert material, and then soil and other 
fill material of sufficient depth to enable root development. While milled 
oxide ore and waste rock could provide a large part of the latter, clay is not 
locally available. With a general preference for revegetation with native "box 
and ironbark" species a relatively thick cover, of minimum 1 m, would be 
required, although little research has been undertaken into such rehabilita- 
tion and it is unlikely to be successful on a potentially intermittently water- 
logged cover resulting from the impermeable clay. 



Experimental Facilities 

Field experimentation at Stawell Gold Mine was designed to provide an 
alternative rehabilitation strategy for the TSF (Tailings Dam No. 2) that is 
cost-effective while ensuring minimal environmental impact from release of 
acidic and contaminated drainage. The continuous deposition of tailings and 
regular uplifts of Tailings Dam No. 2 precluded in situ experimentation into 
rehabilitation. Instead, two separate small tailings repositories were con- 
structed. A first, small impoundment constructed on the northern margin of 
Tailings Dam No. 2 in March 2001 was filled to a depth of 2 m by the pouring 
of 5700 m^ of sulfidic basaltic ore tailings. The prototype structure, measur- 
ing approximately 200 m x 25 m, was allowed to drain for 6 weeks prior to 
creating experimental cover plots. 

Construction of a larger TERF was commenced in September 2001 upon 
the surface of an older TSF (Tailings Dam No. 1) with the aim of provid- 
ing a physical and geochemical environment similar to that envisaged at the 
time of rehabilitation of the current TSF (Figure 20.2). In situ surface tailings 
were bulldozed to form ~3 m high walls of two experimental cells each with 
dimensions of 75 x 155 m. Fresh sulfidic tailings were poured in the same 
manner as in the current TSF from spigots positioned around the periphery 
of each cell. Filling of TERF took 4 months and was completed in May 2002. 
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FIGURE 20.2 

Aerial photograph of TERF constructed upon disused Tailings Dam No. 1 at Stawell Gold Mine 
and showing vegetation on plots. 



Perforated PVC pipes were laid at the base of TERF before filling to allow col- 
lection of drainage water and to speed the time of drying of the tailings fill. 
Experimental plots were created from September 2002 when the surface of 
the tailings had sufficiently consolidated to enable the use of earth-moving 
machinery. 



Methods 

Rehabilitation Strategies 

The focus of experimentation was the development of rehabilitation proto- 
cols that would 

• Provide a self-sustaining vegetation cover that would stabilize the 
TSF surface by preventing wind and stream erosion 

• Inhibit rapid sulfide oxidation and release to the environment of 
AMD containing dissolved arsenic or heavy metals 

• Provide for one, or more, end-uses for the rehabilitated TSF that were 
sustainable and able to provide a potential economic benefit that 
could offset future costs of land management 

• Yield a rehabilitated TSF that is more utilitarian, easier to construct, 
and more cost-effective than the originally proscribed impermeable 
cover 
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Projected End-Use 

The potential for two main end-uses of fhe rehabilifafed TSF were invesfi- 
gafed. The firsf involved fhe growing of eucalypfs for fhe producfion of fire- 
wood (in shorf supply in Victoria), and fhe exfracfion of cineole (fhe largesf 
producer of refined eucalypfus oil is presenfly China, while Ausfralia pro- 
duces only 5%-10% of world producfion). The second sfrafegy fo be frialed 
was fhe growfh of nafive grass species, which can provide more droughf- 
resisfanf and low-mainfenance pasfure fhan infroduced grasses, and could 
serve eifher as grazing or as a source of nafive grass seed fhaf is increas- 
ingly difficulf fo obfain for use in environmenfal rehabilifafion and is a high 
priced commodify (>Aus$ 200/kg). 



Cover Materials 

Previous attempts to cultivate Eucalyptus species and Echinochloa esculenta 
(Japanese millet) directly upon the oxidized surface of Tailings Dam No. 1, 
with no amendment other than addition of slow release fertilizer, had proved 
unsuccessful. Planting on unamended tailings was included in the present 
study to provide control for the main protocols that involved application of 
one, or more, locally available materials to produce a cover of <50 cm thick- 
ness to support vegetation. 

The materials employed in the trial covers were as follows: 

• Oxide waste: A waste rock stockpile resulting from former open-cut 
mining of the oxidized zone with an estimated volume of 2.5 million 
m^. This represents the largest local source of future capping mate- 
rial and is sufficient to create a 25 cm thick surface cover over the 
final area of the TSF. The oxidized and heavily leached waste rock 
was milled to produce a fine material that was shown in glasshouse 
trials to be chemically benign. 

• Stabilized biosolids: Municipal sewage sludge from the Northern 
Grampians Water Corporation wastewater treatment plant at 
Stawell. The biosolids had been stockpiled in a paddock for a mini- 
mum of 2 years after removal from anaerobic digestion and matura- 
tion ponds. After transport to the experimental sites, the biosolids 
were spread in small stockpiles to allow aeration prior to application 
on trial plots. 

• Topsoil: A limited amount of topsoil stored on the mine site. 
Unfortunately, former mining practice did not recognize the value 
of topsoil for future rehabilitation, and the amounts stockpiled are 
insufficient to cover the TSF (Tailings Dam No 2) with a layer 10 cm 
thick, as employed in treatments in this study. 
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Plant Species 

Four species of Eucalyptus were used as seedlings supplied as tube stock 
by commercial suppliers: Eucalyptus cladocalyx, Eucalyptus melliodora (yellow- 
box), Eucalyptus polybractea, and Eucalyptus viridis. Native grasses Microlaena 
stipoides (weeping grass), Austrodanthonia caespitosa (wallaby grass), Themeda 
triandra (kangaroo grass), and Bothriochloa macra (red grass) were purchased 
from the Ballarat native seed bank and commercial suppliers as caryopses or 
clean seed. In addition, a native seed collector was contracted to harvest seed 
from a mixed Austrodanthonia grassland. 



Experimentation 

The surface of Proto-TERF was pegged to a randomized block design, with 
three blocks replicating 10 different covers. Each of the 30 experimental plots 
had dimensions of 5 x 20 m with a 0.5 m buffer zone between each plot. The 
plots accommodated the following covers/treatments: 



1. Tailings 

2. Tailings + NPK fertilizer 

3. 5 cm biosolids fertilizer 

4. 10 cm biosolids 

5. 30 cm oxide waste 



6. 30 cm oxide waste + NPK fertilizer 

7. 30 cm oxide waste + 10 cm topsoil 

8. 30 cm oxide waste + 10 cm topsoil + NPK 

9. 30 cm oxide waste + 5 cm biosolids 

10. 30 cm oxide waste + 10 cm biosolids 



Native grasses, as caryopses, were seeded at rates equivalent to 4 kg/ha for 
Austrodanthonia sp., 20 kg/ha for M. stipoides and 10 kg/ha for T. triandra. 

Field trials on TERF commenced in September 2002. Three replicated 
blocks (75 X 155 m) were created, with each containing five treatment plots 
(16 X 37.5 m) which were prepared and cultivated to a depth of 15 cm with a 
rotary hoe. The treatments were as follows: 

1. Ploughed tailings 

2. 10 cm topsoil 

3. 10 cm biosolids 

4. 30 cm oxide waste + 10 cm topsoil 

5. 30 cm oxide waste + 10 cm biosolids 



In the final two treatments, milled oxide waste that had been allowed to dry 
for 2 months was spread on the tailings surface, the topsoil or biosolids were 
spread on top, and the surface was ploughed. Native grass seed was bulked 
with topsoil and then handsewn at the same rates as previously employed 
on proto-TERF (10 kg/ha for B. macra). Plots allocated to tree seedlings were 
further prepared by creating a furrow to a depth of 30 cm with a ripping 
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plough. Ten eucalypt seedlings were planted at 1.5 m spacing along the rip 
line and cereal rye was seeded in parallel bands alongside the rip to provide 
a cover nurse crop to reduce wind blasting. 

The survival, establishment, and growth of trees and grasses were moni- 
tored in parallel with physical and chemical changes occurring in the sul- 
fidic tailings determined from sampled cores. Field plofs were excavafed fo 
measure fhe exfenf of roof proliferafion by free species. 



Results 

Establishment of Perennial Pastures 
Native Grasses 

Native grass establishment was generally poor on all treatments in the 
Proto-TERF trial. Of the three species, only M. stipoides was initially able to 
establish. No seedlings of the other two species were observed in December 
2001, 5 months after seeding. After 10 months, the exotic grass cover was 
very dense preventing reliable estimation of emergence of the native species. 
Germinability of seed of A. caespitosa and T. triandra was <10% and was the 
main reason for lack of establishment of these species. Competition from the 
exotic species may have also limited growth of the native grasses. Only the 
coverage of M. stipoides was monitored and the heterogeneity of variance 
of measurements was considerable. Data for consecutive May assessments 
of M. stipoides are summarized in Figure 20.3b. The treatments with oxide 
waste plus biosolids resulted in the greatest cover; however, there were very 
large standard errors. Estimated percentage cover in the oxide plus low bio- 
solids treatment was 36.7% ± 20.5% in 2002 and 32.3% ± 31.3% in 2003, while 
the equivalent coverages for the oxide plus high biosolids were 45.0% ± 18.9% 
and 50.0% ± 28.9%. Adding biosolids directly to the tailings produced less 
native pasture coverage with further reduction apparent after the second 
year. Estimated cover on tailings treated with low biosolids was 10.0% ± 2.9% 
in 2002 and undetected in 2003, while the equivalent figures for tailings 
treated with high biosolids were 12.0% ± 7.0% and 8.3% ± 8.3%. Covers 
formed of oxide alone, or oxide plus topsoil, produced minimal foliage cover 
(<2%) in both years. 

Leaf material for native grasses was harvested from most trialed cov- 
ers with the exception of unamended tailings or oxide treatments. Biomass 
yields ranked: oxide with high biosolids (0.64 ± 0.25 kg/m^)> oxide waste 
with low biosolids (0.39 ± 0.19 kg/m^)> high biosolids (0.13 ± 0.06 kg/m^)> 
low biosolids (0.06 ± 0.03 kg/m^) > fertilized oxide waste with topsoil 
(0.04± 0.02 kg/m^) > oxide waste with topsoil (0.03 ± 0.01 kg/m^) = fertilized 
oxide waste (0.03 ± 0.01 kg/m^). The concentration of arsenic in M. stipoides 
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FIGURE 20.3 

Percentage plant cover recorded on tailings treatments in May 2002 and May 2003: (a) exotic 
species and (b) M. stipoides. 



herbage was not significantly different from differenfly amended plofs, and 
ranged from 2.0 fo 4.4 mg/kg. 



Exotic Species 

The biosolids confained a viable source of exofic pasfure species as a resulf of 
having been stockpiled alongside improved pasfures. Seed from fhis source 
has been volunfeered, esfablished, and confinually reseeded over many 
years of stockpiling af fhe waste wafer freafmenf planf. Dafa for consecufive 
May assessmenfs of coverage by exofic pasfure are given in Figure 20.3a. 
Exofic species became esfablished wifhin fhe firsf year on all frialed covers 
excepf bare failings and unferfilized oxide wasfe, wifh maximum coverage 
>75% recorded for fhe failings freafed wifh high biosolids. Exofic pasfure 
cover increased furfher on all freafmenfs af fhe end of fhe second growing 
season, excepf on fhe unamended failings. 
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The species which produced the greatest amount of herbage was the pasture 
grass, Phalaris aquatica. Yield in three of fhe four biosolids amendmenfs was 
>0.60 kg/m^ wifh fhe excepfion of fhe high biosolids freafmenf (0.32 kg/m^). 
Anofher exofic grass species, Holcus lanatus, confribufed approximafely 3% 
of fhe fofal dry herbage in fhe biosolid amended freafmenfs wifh yield rang- 
ing from 0.13 fo 0.38 kg/m^. Oxide only freafmenfs produced 0.06 kg/m^ and 
oxide plus fopsoil produced fhe leasf yield, 0.04-1.10 kg/m^. 

Two dicofyledonous species, Rumex acetosella and Spergularia rubra, were also 
major volunfeer species in fhe amended failings. These are nof valued animal 
fodder species. R. acetosella produced fhe leasf biomass of fhe four species, 
wifh fhe greafesf biomass harvesfed from fhe oxide freafmenf (0.25 kg/m^). 
All ofher freafmenfs produced less fhan 0.05 kg/m^. S. rubra was presenf in all 
fhe freafmenfs wifh yield greafesf in fhe biosolids amended freafmenfs. 

Mosf samples of leaf fissue dry maffer from exofic species confained 
<5 mg/kg As, fhe defecfion limif of our analyfical profocol. Only samples 
of S. rubra had As concenfrafions >10 mg/kg, in fhree of five samples. This is 
a highly prosfrafe species wifh sfipulafe leaves fapering fo a shorf hair-like 
awn. If is likely fhaf surface confaminafion accounfed for fhe elevafed As 
concenfrafion. 



Establishment of Eucalypts 

Survival of fhe fasf-growing E. cladocalyx af fhe beginning of summer 
(7 monfhs growfh) was significanfly greafer in oxide covers amended wifh 
eifher fopsoil or high biosolids (100%) compared wifh failings wifh ferfil- 
izer or oxide wifh ferfilizer (33%). Survival rafes of fhis species on all ofher 
freafmenfs were nof significanfly differenf. The frend in survival was oxide 
cover wifh fopsoil or biosolids > oxide only cover > biosolids ploughed info 
failings > unamended failings. Morfalify increased in all freafmenfs affer 
12 monfhs. As variafion wifhin freafmenfs was significanf, no paramefric 
comparison befween freafmenf means was possible. However, fhe observed 
frends showed fhaf mosf of fhe seedlings planfed info failings (73%-93%) 
did nof survive. Seedlings planfed in oxide wasfes or biosolids ploughed 
info failings had less fhan 50% survival. The oxide covers wifh eifher fop- 
soil or biosolids had >50% survival affer fhe firsf year of esfablishmenf. The 
majorify of seedlings which had survived affer 1 year fhen persisfed for fhe 
durafion of fhe frials. 

The slow-growing E. melliodora showed similar frends in survival fo fhe 
larger, fasf-growing E. cladocalyx. Of fhe fwo mallee species, E. polybractea 
had fhe greafesf number of survivors. Af fhe beginning of fhe firsf sum- 
mer, fopsoil and oxide freafmenfs produced significanfly greafer survival 
(93%) fhan all ofher freafmenfs, excepf fhe oxide wifh high biosolids cover 
(73%). Ofher freafmenfs had <50% survival. Unlike fhe previous fwo spe- 
cies, furfher morfalifies occurred in all fhe freafmenfs af fhe onsef of fhe 
firsf aufumn. By fhe second summer, only fopsoil freafmenfs had greafer 
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than 50% survival. Biosolids treatments were not so effective in enhancing 
survival with a rate of only 27% in fhe oxide wifh low biosolids and 47% 
in fhe oxide wifh high biosolids. E. viridis was fhe leasf successful of fhe 
eucalypfs. Survival of planfed seedlings in December 2001 was greafesf in 
fhe fopsoil and oxide cover (70%) and fhen in fhe biosolids-amended oxide 
(60%). Ofher freafmenfs had <50% survival. Af fhe end of fhe firsf season, 
survival had declined in fhe besf freafmenfs such fhaf fopsoil and oxide 
cover was fhe only one wifh >50% survival. Morfalifies in fhe biosolids- 
enriched wasfe rock cover confinued info fhe second year, whereas all seed- 
lings which had survived in fhe ofher freafmenfs confinued fo persisf fo fhe 
end of fhe frial. 

Leaf samples of eucalypfs were faken for analysis from seedlings from sev- 
eral of fhe experimenfal covers. Equivalenf leaf samples were collecfed from 
eucalypf seedlings from a nearby farming properfy for comparison. Arsenic 
concenfrafion in dried leaf fissues of E. cladocalyx was nof significanfly dif- 
ferenf befween fhe confrol and fhe experimenfal covers wifh concenfrafion 
ranging from 0.9 fo 2.7mg/kg. The ofher fhree eucalypf species had leaf As 
concenfrafions significanfly greafer in fhe plofs growing on fhe amended 
failings fhan in fhe farm-grown confrol planfs. Leaves of E. melliodora from 
farm confrols had As concenfrafions of 0.08 mg/kg, while samples from 
freafmenf plofs ranged from 1.3 fo 2.5 mg/kg. Leaves from fhe oil mallee, 
E. polybmctea, had As concenfrafions of 0.09 mg/kg from fhe confrol sife and 
0.7-1.8 mg/kg in fhe freafmenf plofs. The leasf successful of fhe eucalypfs, E. 
viridis, was only sampled in fhree plofs: fopsoil and oxide; low biosolids and 
high biosolids-amended oxide and in fhe farm area. The mean concenfrafion 
of As in farm samples was 0.09 mg/kg and 1.1-1.8 mg/kg in fhe freafmenf 
plofs. Translocafion of As, Cu and Zn info leaf f issue occurred in fhe biosol- 
ids freafmenfs, buf no phyfofoxic effecfs could be observed, wifh low As fake 
up of <5 mg/ kg. Upfake of As info planfs in fhe field f rials was an order of 
magnifude less fhan recorded in previous pof frials, indicafing fhe nafural 
affenuafion of As foxicify (Doronila ef al. 2004). Planf growfh on fhe fhin cov- 
ers has encouraged oxidafion and weafhering of fhe upper profile and has 
also creafed condifions fhaf reduce mobilify of As, namely, fhe formafion of 
abundanf iron oxyhydroxides fhaf sfrongly adsorb fhe mefalloid. 



Geochemical Development of Substrate 

A fundamental requirement for the success of the thin, permeable covers 
is that they allow for continuous downward oxidation of the sulfidic tail- 
ings while not enhancing the mobility and bioavailability of toxic metals 
and arsenic. The field trials on proto-TERF and TERF showed no evidence 
of AMD after 3 years. In parallel leaching column tests in the laboratory, 
employing wetting/drying cycles, the leachate was consistently neutral to 
alkaline over 3 years. The only exception was in covers with biosolids that 
produced leachate with pH of approximately 3 on start-up, although this too 
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FIGURE 20.4 

Downward extension of oxidation in the profile from TERF exhibited in cores taken at time of 
first planting in 2003, and again in 2006. 



quickly evolved to the higher pH, suggesting initial effects of organic acids 
and/or microbial acfivify. On TERF, fhe geochemically open sysfems fo 0.5 m 
allowed ingress of oxygen and wafer buf did nof resulf in elevafed soil acid- 
ify, nor was fhere an increase in fhe concenfrafions of labile As and toxic 
mefals. Progressive oxidafion of fhe failings occurred beneafh fhe amend- 
menfs (Figure 20.4) eifher uniformly, or preferenfially along layers of coarser 
failings fhaf resulted from fhe original seffling. 

Chemical changes in fhe failings cover were monitored over fwo summers. 
Soil sampling of fhe experimenfal plofs was regularly performed and pH 
and elecfrical conducfivify measured. Affer fwo summers, fhe pH of fail- 
ings ranged from 6.4 fo 6.7, and oxide covers pH 5.8 were sfill slighfly acidic 
(Figure 20.4). The surface of exposed failings was observed fo have changed 
in color from dark gray fo lighf red in differenf secfions of fhe experimen- 
fal plofs. Biosolid amended failings or oxide cover were acidic (pH 4-6). 
Unamended oxide cover had elecfrical conducfivify levels which could only 
be folerafed by very salinify-foleranf planf species. Biosolid incorporafion 
info oxide maferial reduced salinify levels by increasing wafer infilfrafion 
and reducing capillary movemenf of saline failings wafer. Sequenfial exfrac- 
fion procedures has shown fhaf as failings parficles weafher and decompose 
fhe predominanf form in which if is associated is in fhe amorphous colloidal 
phase and minimal confribufion fo bioavailable forms (Figure 20.5). 

Recenf excavafion of roof profiles fhrough fhe fesf plofs have shown fhaf 
shrinkage and desiccafion cracks have formed in fhe covered failings. These 
form preferenfial pafhways for wafer fo percolate fhrough as well as allow- 
ing proliferafion of planf roofs fo fhe deeper levels of fhe failings. The for- 
mafion of oxidized cufans or skins was also pronounced where fhere was 
extensive cracking of fhe failings. Geochemical analysis of fhese boundary 
layers is currenfly idenfifying componenfs of fhe secondary minerals formed 
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FIGURE 20.5 

Relative abundance of arsenic in the different phase of the four step sequential extraction 
procedure. 



through the oxidation process. The pH of deeper unoxidized tailings were 
consistently >pH 7 and were oxidation had occurred it was pH 6.5-7. This 
indicates that there is significant acid neutralizing capacity in the tailings. 
Proliferation of cracks enhanced washing of the secondary minerals, e.g., 
gypsum, down the profile away from the root zone. 

The average density of different size classes of roots at different depths 
underneath E. cladocalyx seedlings is illustrated in Figure 20.6. This spe- 
cies is deep-rooted and the fastest growing of the eucalypts in the trial and 
would show greater stress responses from limiting factors after 2.5 years. 
Proliferation of roots in the deeper reaches of the profile appears to be 
strongly related to the presence of cracks in the tailings. Preferential path- 
ways are created for water to percolate through. Formation of fine and very 
fine roots was greatest in the upper layers. These are predominantly roots of 
pasture species; however, eucalypt roots were evident in the deeper cracks 
down to almost 1 m depth. 



Discussion 

The compounding effects of drought, salinity, and weed competition lim- 
ited the establishment of eucalypts on sulfide mine tailings during the 
experimentation at Stawell Gold Mine. Mortality of all eucalypts in biosolids 
treatments may have been due to the initial salinity as well as competition 
from vigorous exotic pasture growth. A major limitation in establishment 
of eucalypts in reafforestation programs has been attributed to inadequate 
weed control (Venning 1988, Dalton 1993, Falkiner et al. 2004). Several factors 
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are important in ensuring high survival rates of tree seedlings in field 
experimenfs. Esfablishmenf is enhanced by deep ripping which allows roofs 
fo proliferafe deep info fhe soil and adequafely covering roofs fo remove air 
pockefs which can cause desiccafion (Falkiner ef al. 2004). 

Survival of E. viridis was mosf defrimenfally affecfed by growfh in fhe 
biosolids amendmenfs. This species has fhe smallesf leaves and fends fo have 
fhe mosf prosfrafe form of fhe four frial species. Vigorous pasfure growfh 
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FIGURE 20.6 

Depth distribution of E. cladocalyx roots in (a) 10 cm biosolids; (b) 5 cm biosoiids; 
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may have smothered this species as well as providing competition for mois- 
ture and nutrients. The impact of pasfure compefifion is furfher underlined 
by fhe facf fhaf lower pasfure esfablishmenf in topsoil amendmenfs resulfed 
in fhe lowesf morfalify rafes of candidafe species. Biosolids used in fhe field 
experimenfs had been stockpiled around farm paddocks and confained an 
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FIGURE 20.6 (continued) 

(c) 10 cm biosolids + oxide; and (d) 5 cm biosolids + oxide. Data are abundance of different size 
classes of roots in different abundance classes 1-10, 10-25, 25-200, >200 for very fine <1 mm 
and, 1-2 mm, fine roots and for medium and, 2-5 mm, and coarse roots >5 mm. Density scale 
is logarithmic. 
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abundance of pasture seed. To maximize its value as a medium to support 
growth of eucalypts and preferred native grasses, it is essential to minimize 
the establishment of the highly competitive exotic pasture species. As the 
majority of the species present in this weed seed bank are exotic grasses, it 
is possible to apply selective grass herbicides to eliminate germinating seed- 
lings (pre-emergent herbicides) or foliar herbicides to eliminate established 
grasses. Such use of selective herbicides, especially pre-emergent herbicides, 
to control monocot weeds, has been effective in regeneration of weed-infested 
Australian bushland (Buchanan 1989). Adequate weed control and leaching 
of salts from the biosolids by rainfall prior to planting could provide a cover 
more suitable to eucalypt survival and establishment. 

Applying a thin layer of crushed oxide waste rock over tailings was effec- 
tive in reducing initial exposure of plant roots to excessive salinity and arse- 
nic in the tailings. The physical structure, however, of this substrate was not 
favorable for good root development because of the poor hydraulic conduc- 
tivity and the increased resistance due to its tendency to indurate during the 
dry months. Biosolids amendments created a substrate which was beneficial 
for the establishment of both pasture and eucalypts because amended oxide 
covers and tailings had lower bulk density as well as increased hydraulic 
conductivity and moisture-holding capacity. These findings are consistent 
with the ever-increasing number of reports of the improvements in soil phys- 
ical properties from incorporation of biosolids into mine wastes. 

Pasture species and eucalypts did not accumulate significant amounts 
of arsenic in their leaves. While uptake of As was greater than from 
non-mining soils with negligible As, the concentration of the metalloid in 
leaves of plants from the experimental covers was similar to values recorded 
from other mine sites which had stabilized arsenic tailings (Costello et al. 
2004). It is possible however for eucalypts (Ashley and Lottermoser 1999) 
and pasture species (DeKoe 1994) to take up more As from highly acidic 
soils. The low uptake of As by the suite of species in the experiments reflects 
the low bioavailability of the toxic metalloid in the sulfidic tailings cov- 
ers, where it appears that the geochemistry of the system attenuates the 
release of more mobile forms of arsenic. In the most recent assessment of 
the research plots it was showed that after 5 year's growth all four tree spe- 
cies accumulated low As concentrations (King et al. 2008), the highest being 
recorded in mature leaves, ranging from 0.3 to 5.1 pg/g As. E. polybractea had 
significantly higher foliar As than the other three species but there was also 
great variation within the species. Between 5 and 10 times lower concentra- 
tions were recorded in stem samples and no As was detected in young leaf 
tips. There was also significant variation in the growth of trees upon the 
site. E. cladocalyx grew taller than the other species although greater varia- 
tion was detected within the species than between. Variation in tree heights 
was not correlated with As concentrations in either stems or leaves. Arsenic 
bioavailability was determined to depths of 2.2 m and found to be low when 
compared with total As in the tailings. 
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Pasture vegetation can regress once their roots penetrate into toxic sub- 
strates beneath benign inert covering materials. This scenario may occur in 
direct application of biosolids on tailings which created a thin organic layer 
of eifher 5 or 10 cm depfh. The mixfure was sufficienf fo affenuafe fhe nega- 
five effecfs of salinify. Exofic pasfure immediafely esfablished, successfully 
seeding and regenerafing for fwo growing seasons for bofh applicafion rafes 
of biosolids. Furfhermore, roofs had proliferafed down fo a depfh of 30 cm 
info fhe failings wifhouf foxicify effecfs apparenf in fhe leaf fissues. Mosf of 
fhe pasfure species presenf were annuals which complefed fheir life cycle 
during fhe weffer monfhs. If is likely fhaf salinify is nof a major limifing fac- 
for fo growfh during fhis period. Sfabilizafion of fhe failings in fhese freaf- 
menfs by exofic pasfure species was demonsfrafed. Furfher work is required 
fo replace exofic species wifh nafive species. Exfensive roof growfh was also 
observed in fhe biosolids-amended oxide cover. Proliferafion of fine roofs 
fhrough fhe oxide would improve ifs physical properfies. 

Formafion of a well-defined oxidafion layer did nof resulf in release of 
acidic wafer because of fhe high acid neufralizing capacify of fhe failings 
maferial. Tree species have been able fo persisf and grow successfully over 
fhree growing seasons. Plan! growfh has also encouraged weafhering of fhe 
upper profile and also creafed condifions which reduce release of arsenic. 
Biosolids amendmenfs have enhanced fhe biological acfivify of soil micro- 
flora as well as fhe improved soil sfrucfure which has encouraged weafher- 
ing. The proliferafion of eucalypf roofs was shown fo be associafed wifh fhe 
presence of shrinkage cracks wifhin fhe failings. Some roofs were observed fo 
penefrafe fo fhe base of fhe failings layer in ProfoTERF (>1.5 m). If is possible 
fhaf fhe largesf examples of E. cladocalyx and E. polybmctea, in fhe low-rafe of 
biosolids-amended failings had a greafer reservoir of available moisfure from 
exfensive fracfuring underneafh fhe frees. Assessmenf of crack frequency 
was performed only on a fwo-dimensional scale buf nonefheless if was pos- 
sible fo show fhe imporfance of fhese voids in roof disfribufion. If is evidenf 
fhaf fhese fracfures are fhe preferenfial avenues for roof growfh and exfen- 
sion. Some roofs were observed fo penefrafe fo fhe base of fhe failings layer 
(>1.5 m). Through fhe release of oxygen and ofher oxidanfs planf roofs can 
cause oxidafion of iron sulfides in soils fo precipifafe Fe oxides or iron plaques 
on planf roofs (Armsfrong 1967, Baffy ef al. 2000, Armsfrong and Drew 2002). 
Moreover, if appears fhaf fhe passage of oxygen info fhese narrow voids can 
creafe fhin oxide skins which may form a seal fo fhe release of saline wafers 
from fhe failings. As a resulf, wafer which accumulafes in fhe cracks may nof 
be as saline as fhaf inifially presenf in fhe upper layers of fhe ameliorafive 
covers. Furfher research is necessary fo undersfand fhis imporfanf roof prop- 
erfy parficularly of fhe free species used in fhis sfudy. This mechanism may 
be imporfanf in fhe nafural affenuafion of As foxicify in fhis mine subsfrafe. 

Quanfificafion of fhe planf-available wafer is necessary fo predicf fhe opfi- 
mum densify of vegefafion which fhe failings covers can supporf. Furfher 
work should invesfigafe fhe effecf of deep ploughing on wafer harvesfing 
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which is necessary to allow satisfactory growth of free species. The presence 
of deep cracks is also imporfanf for fhe sfrucfural sfabilify of frees whereby 
deep roofs are required for anchorage fo minimize fhe risk of windfhrow 
(Bengough 2003), parficularly in fhe windy condifions frequenfly presenf on 
fhe exposed surface of fhe TSR If has been shown fhaf deep ripping of recon- 
sfrucfed soil profiles affer bauxife mining was a major facfor in fhe survival 
of fhe main free species (Rokich ef al. 2001). This work showed fhaf signifi- 
canf differences in fhe roof archifecfure occurred in deep-ripped subsfrafes. 
Roof proliferafion af depfh would also improve downward fransfer of wafer 
when fhe surface layers of soils wifh low permeabilify are weffed affer rain- 
fall (Burgess ef al. 2001). Anofher effecf of roof proliferafion af depfh would 
be furfher oxidafion in fhe failings. Through fhe release of oxygen and ofher 
oxidanfs planf roofs can cause oxidafion of iron sulfides in soils fo precipi- 
fafe Fe oxides or iron plaques on planf roofs (Armsfrong 1967, Baffy ef al. 
2000, Armsfrong and Drew 2002). Furfher research is necessary fo under- 
sfand fhis imporfanf roof properfy parficularly of fhe free species used in 
fhis sfudy. This mechanism may be imporfanf in fhe nafural affenuafion of 
As in fhis mine subsfrafe. This is parficularly relevanf as if has been shown 
recenfly fhaf formafion of fhe amorphous colloids on fhe surface of rice roofs 
enhanced arsenife and decreased arsenafe upfake (Chen ef al. 2005). They 
showed fhaf fhe presence of iron plaque diminished fhe effecf of phosphafe 
on arsenafe upfake, possibly fhrough a combined effecf of arsenafe desorp- 
fion from iron plaque. 

The value of using droughf-foleranf eucalypfs, which do nof fake up As, 
as parf of fhe phyforemediafion prescripfion has been clearly demonsfrafed. 
The sfudy has shown fhaf growing high value species such as fhe ones 
selecfed for fhe frials can definifely enhance fhe value of fhe TSF as a land 
resource for agro-foresfry. This is in confrasf fo a pasfure only cover which 
would be far less producfive and would have fo be confinually mainfained 
fo minimize fhe esfablishmenf of free species. The facf fhaf fhe frees have 
successfully penefrafed deep info fhe failings indicafe fhaf fhere is liffle risk 
of windfhrow. As a resulf, fhere is minimal risk of elevafed arsenic levels 
appearing on fhe surface affer phyfosfabilizafion. The downward progres- 
sion of oxidafion wifhin fhe failings profile beneafh fhe vegefafed fhin covers 
indicafes fhaf fhis mefhod of rehabilifafion is susfainable when applied fo 
sulfidic failings wifh excess acid neufralizing capacify, such as occur widely 
in fhe Victorian Goldfields. 
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Introduction 

Soil is a main component of the environment and the base of human activi- 
ties such as agriculture, construction, and so forth. A soil can be described 
as an open, multicomponent chemical system that contains solid, liquid, and 
gaseous phases influenced by living organisms (Thornton 1983). Soils can 
be contaminated with heavy metals derived from various artificial sources 
(Adriano 1986). Especially, inorganic contaminants, such as heavy metals 
and metalloid, have attracted interest from many researchers due to their 
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nondegradable characteristics, life cycle in ecosystems, and high toxicity, 
even at low levels. 

Arsenic has gained great notoriety because of fhe toxic properfies of a 
number of ifs compounds (Alloway 1995). Arsenic confaminafion in soil 
is generated by geofhermal systems, including hof springs and geysers. 
Mining and mefallurgical operafions can also concenfrafe fhe arsenic info 
failings and soil. Remediafion of arsenic-confaminafed soil can be achieved 
by many technologies, including biological freafmenf, phyforemediafion, 
solidificafion/sfabilizafion, fixafion, soil flushing, and elecfrokinefic reme- 
diafion (Mulligan ef al. 2001, US ERA 2002). Sfabilizafion is a process where 
addifives are mixed wifh waste to converf fhe hazardous consfifuenfs info a 
form fhaf minimizes fheir rate of migrafion and level of foxicify. Sfabilizafion 
is regarded as one of fhe mosf effecfive and efficienf mefhods for fhe immo- 
bilizafion of confaminanfs in wasfe. This chapter infroduces fhe characfer- 
isfics of arsenic in soil fechniques for ifs sfabilizafion and some of fheir field 
applicafions. 



Arsenic in Mining Area Soils 
Arsenic in Environment 

Arsenic is a nafurally occurring elemenf fhaf ranks 20fh in abundance in 
fhe earfh's crusf. The average concenfrafion of arsenic in fhe earfh crusf is 
reported to be 1.5-2 mg/kg. As fhe level of arsenic differs wifh respecf to fhe 
origin of soils, fhe background level in agriculfural soils has been reported 
fo be 6.3 mg/kg (Adriano 2001). Sources of arsenic are divided info fwo caf- 
egories (Adriano 1986): firsf, from nafural phenomena, such as weafhering 
and volcanic acfivify, which are fhe main source, and, second, from anfhro- 
pogenic sources, such as mine failings, landfill sifes, wasfe wafer discharges, 
and agriculfural acfivifies, which accounf for 60% of arsenic confaminafion 
(Cullen and Reimer 1989, Bhumbla and Keefer 1994). 

Arsenic is of fen found in confaminafed soils as a resulf of nafural phenom- 
ena. The normal concenfrafion range of arsenic in soils is 1-40 mg/kg, wifh a 
mean of 5 mg/kg, buf in mosf soils if is in fhe lower half of fhis range (Bowen 
1979, Kabafa-Pendias and Pendias 1984, Banuelos and Ajwa 1999). There are 
five levels of arsenic from differenf fypes of parenf rock, especially high 
levels in sedimenfary rocks (shales, mudsfones, and slafes). The Nafional 
Research Council of Canada reporfed fhaf soils originafing from sulfide ore 
deposifs confain arsenic af high concenfrafions, even up fo several hundreds 
of mg/kg (NRCC 1978). The main source of arsenic in fhe environmenf is 
fhe parenf material from which fhe soil is derived. The mosf common arse- 
nic mineral in fhe environmenf is arsenopyrife (FeAsS), which is frequenfly 
associafed wifh Au, Cu, Sn, Ag, Zn, and Pb ore deposifs (Smedley and 
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Kinniburgh 2002). Table 21.1 shows the normal arsenic minerals in nature. 
Rock-forming minerals, such as sulfide minerals, oxidafion minerals, silicafe 
minerals, carbonafe minerals, and sulfide minerals, have differenf arsenic 
concenfrafions. Especially, sulfide minerals confain large concenfrafions of 
arsenic (Table 21.2). Arsenic confaminafion in Japan, Chile, and fhe Unifed 
Sfafes has occurred due fo geofhermal sources, and arsenic concenfrafion in 
fhe ground wafer in Bangladesh, India, China, and fhe Unifed Sfafes have 
increased due fo arsenic-bearing minerals (Smedly and Kinniburgh 2002, 
Wang and Mulligan 2006, Yang ef al. 2007). The background level of As in 
Korea has nof been reporfed, buf fhe soil confaminafions have been invesfi- 
gafed in defail, wifh fhe mosf frequenf ly confaminafed sifes being abandoned 
mine areas, especially old gold mines (Jung 2001). There are approximafely 
1000 abandoned mefal mines in Soufh Korea, where fhe failings leff behind 



TABLE 21.1 

Major Arsenic Minerals in Nature 

Mineral Composition Occurrence 



Native arsenic 


As 


Niccolite 


NiAs 


Realgar 


AsS 


Orpiment 


AsjSj 


Cobalite 


CoAsS 


Arsenopyrite 


FeAsS 


Tennantite 


(Cu,Fe)i 2 As 4 Si 3 


Enargite 


CU 3 ASS 4 


Arsenolite 


AS 2 O 3 


Claudetite 


AS 2 O 3 


Scorodite 


FeAs 04 - 2 H 20 


Annabergite 


(Ni,Co) 3 (As 04 ) 2 - 8 H 20 


Hoernesite 


Mg 3 (As 04 ) 2 ' 8 H 20 


Haematolite 


(Mn,Mg) 4 As(As 04 ) 

(OH), 


Conichalcite 


CaCu(As 04 )(OH) 


Pharmacosiderite 


Fe3(As04)2(0H)3-5H20 



Hydrothermal veins 

Vein deposits and norites 

Vein deposits, often associated orpiment, 
clays and limestones, also deposits from hot 
springs 

Hydrothermal veins, hot springs, volcanic 
sublimation product 

High-temperature deposits, metamorphic 
rocks 

The most abundant Arsenic mineral, 
dominantly mineral veins 

Hydrothermal veins 

Hydrothermal veins 

Secondary mineral formed by oxidation of 
realgarm arsenopyrite and other arsenic 
minerals 

Secondary mineral formed by oxidation of 
realgarm arsenopyrite and other arsenic 
minerals 

Secondary mineral 

Secondary mineral 

Secondary mineral, smelter wastes 

Secondary mineral 

Oxidation products of arsenopyrite and other 
arsenic minerals 



Source: Smedley, P.L. and Kinniburgh, D.G., Source and behavior of arsenic in natural water. 
United Nations Synthesis Report on Arsenic in Drinking Water, p. 61, 2001. 
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TABLE 21.2 



Typical Arsenic Concentrations in Rock Forming Minerals 



Mineral 


Arsenic Concentration Range (mg/kg) 


Sulfide minerals 


Pyrite 


100-77,000 


Pyrrhotite 


5-100 


Marcasite 


20-126,000 


Galena 


5 to -10,000 


Sphalerite 


5-17,000 


Chalcopyrite 


10-5,000 


Oxide minerals 


Hematite 


Up to 160 


Fe oxide(undifferentiated) 


Up to 2,000 


Fe(lll) oxyhydroxide 


Up to 76,000 


Magnetite 


27 to 41 


Ilmentite 


<1 


Silicate minerals 


Quartz 


0.4-1.3 


Feldspar 


<0.1-2.1 


Biotite 


1.4 


Amphibole 


1.1-2.3 


Olivine 


0.08-0.17 


Pyroxen 


0.05-0.8 


Carbonate minerals 


Calcite 


1-8 


Dolomite 


<3 


Siderite 


<3 


Sulfate minerals 


Gypsum/ anhydrite 


<1-6 


Barite 


<1-12 


Jarosite 


34-1,000 


Other minerals 


Apatite 


<1-1,000 


Halite 


<3-30 


Fluorite 


<2 



Source: Smedley, P.L. and Kinniburgh, D.G., Source and behavior of 
arsenic in natural water. United Nations Synthesis Report on 
Arsenic in Drinking Water, p. 61, 2001. 



contain high levels of arsenic and heavy metals and, thereby, cause seri- 
ous risks to humans and the ecosystem (Jung and Thornton 1996, Kim et al. 
1998, Choi et al. 2009). The following anthropogenic As sources have to be 
considered when dealing with As fluxes: high-temperature combustion (oil- 
and coal-burning power plants, waste incineration, cement works); wastes 
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from intense husbandry (disinfectants); compost and dung (surplus As from 
animal feeding); household waste disposal; glassware production (decolor- 
ing agent); electronics industries (admixture in semiconductor production, 
arsenide as laser material to convert electrical energy into coherent light); 
ore production and processing (melting and roasting in nonferrous smelt- 
ers, melting in iron works); metal treatment (admixture in bronze produc- 
tion, lead and copper alloys); galvanizing; ammunition factories (hardening 
and improvement of flight characteristics of projectiles); chemistry (dyes and 
colors, wood preservatives, pesticides, pyrotechnics, drying agent for cot- 
ton, oil and dissolvent recycling); and pharmaceutical works (medication) 
(Reimann and Caritat 1998, Matschullat 2000). 



Geochemical Characteristics of Arsenic 

Arsenic belongs to group 15 (N, P, As, Sb, Bi) of the periodic table ele- 
ments, and it has an outer electronic configuration of 4s^4p^ (Alloway 1995). 
Geochemically, arsenic is present in close association with the transition 
metals, namely, Au, W, Sb, Bi, and Mo, and is commonly present as an impu- 
rity in varieties of metallic ferrous. Arsenic is a toxic element and is classi- 
fied by the U.S. Environmental Protection Agency as a human carcinogen. 
Arsenic occurs in the environment through weathering and volcanism 
(Juillot et al. 1999) and can form various oxidation states, such as -3, 0, +3, 
and +5. Arsine (AsHj) is a poisonous and flammable gas, but rarely occurs 
in nature (Cheng et al. 2009). Arsenic is toxic to both plants and animals, and 
inorganic arsenicals are proven carcinogens in humans (Ng 2005). The toxic 
effects of arsenic on human health range from skin lesions to cancer of the 
brain, liver, kidney, and stomach (Smith et al. 1992). Arsenite (As^^) and arse- 
nate (As®^) are the most common species in natural environments. Arsenite 
is reported to be more mobile than arsenate and is 25-60 times more toxic 
(Conner 1990, Pantsar-Kallio and Manninen 1997, Corwin et al. 1999, Moon 
et al. 2008). Monomethyl arsenic (MMA) and dimethyl arsenic (DMA), which 
are organic forms of arsenic, have low toxicity compared with their inor- 
ganic forms. 

Arsenic is mainly present as arsenite and arsenate under the natural 
conditions, but its oxidation state can change with pH, Eh, and microbial 
activity. Eigure 21.1 shows the Eh-pH diagram for arsenic. Arsenite species 
predominate under reducing conditions and is more soluble than arsenate 
because it is not ionized and adsorbs less strongly than arsenate species 
(Nordstrom and Archer 2003). Thermodynamic calculations and experi- 
mental results indicate that at high redox levels (pe + pH>10), arsenate is 
the predominant arsenic species whereas under moderately reducing and 
reducing conditions (pe + pH < 8), arsenite is the most abundant form of arse- 
nic (Masscheleyn et al. 1991, Sadiq 1997, Cheng et al. 2009). The equilibria for 
arsenous acid (As(IlI)) and arsenic acid (As(V)) in aqueous solution are given 
as follows (Alloway 1995). 
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FIGURE 21.1 

Eh-pH diagram for arsenic species at 25°C and 1 bar. (From Smedley, P.L. and Kinniburgh, D.G., 
Appl. Geochem., 17(5), 517, 2002.) 

Arsenic acid 



H3ASO4 + H2O ^ HjAsOi + H3O" pK, 2.20 
HzAsOi + H2O ^ HAsOi" + H30^ pK, 6.97 
HAsOi" + H2O « AsOt“ + H3O* pK, 11.53 



Arsenous acid 



H3ASO4 + H2O ^ H2ASO3 + H3O" pK^ 9.22 
H2ASO3 + H2O ^ HAsOj- + pK, 12.13 

HAsOj- + H2O ^ AsO^ + H3O* pK^ 13.4 

When the Eh value drops below +300 mV at pH 4 and -100 mV at pH 8, H3ASO3 
becomes the thermodynamically more stable species (NRCC 1978). The rate of 
change in oxidation state with change in Eh/pH conditions does not always 
appear to be very fast in aqueous systems. Therefore, fhe proporfion of fhe 
various arsenic species presenf in soil pore wafers may nof correspond fo fhe 





Field Application of the Stabilization Process for Arsenic- Contaminated Soil 457 



expected distribution. The occurrence, distribution, and mobility of arsenic 
are dependent on the interplay with geochemical factors such as redox poten- 
tial (Eh), pH or acidity, redox pairs, competing anions, and reaction kinetics. 



Stabilization of Arsenic 

General Principle and Mechanisms of Stabilization 

In general terms, stabilization is a process where additives are mixed with 
waste to convert the hazardous constituents into a form that minimize their 
rate of migration and level of toxicity. Stabilization is conducted by the addi- 
tion of reagents that improve the handling and physicochemical properties 
of the waste, decrease the surface area, which transfers pollutants, and limit 
the solubility and toxicity of the contaminants. Although limiting the solu- 
bility and toxicity is not highly anticipated in practical application, stabiliza- 
tion is regarded as one of the most effective and efficient methods for the 
immobilization of contaminants in waste. 

The fundamental mechanisms of stabilization are mainly one or more 
of the following phenomena: macroencapsulation/microencapsulation, 
adsorption, precipitation, and detoxification. With macroencapsulation, 
contaminants in the pores of waste are physically held in a large structural 
matrix whereas microencapsulation is the phenomenon where the pollut- 
ants are entrapped in the crystalline structure of the matrix. Adsorption is 
a mechanism where contaminants are electronically bonded to additives by 
van der Waals forces or hydrogen bonding. In the precipitation process, con- 
taminants from the waste form precipitates with additives, such as hydrox- 
ide, carbonate, silicate, and sulfide. These precipitates then become a part of 
the material structure contained in the stabilized mass. Detoxification is a 
mechanism that changes the constituents of a toxic chemical into less toxic 
or nontoxic forms. For example, the change of oxidation state from As(III) to 
As(V) during stabilization lowers the solubility and toxicity of arsenic. The 
use of these mechanisms with different stabilizing agents will be discussed 
in the next chapter. 



Stabilizing Agent 
Cement 

Cement is used as the principal reagent in stabilization, with Portland cement, 
which is a mixture of limestone and clay formed at high temperature, being 
the most commonly used for stabilization. Portland cement is composed 
of particles with a size ranging between 1 and 50 pm, mainly comprising 
tri-calcium silicate (45%-60%), di-calcium silicate (15%-30%), tri-calcium 
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aluminate (6%-12%), and tetra-calcium aluminoferrite (~ 8 %). For cement sta- 
bilization, wastes are mixed with cement and hydrated with water to form a 
crystalline structure of calcium aluminosilicafe. The hydrafion reacfion can 
be expressed by fhe following equafions: 

Tri-calcium silicafe : 2(3CaO • Si 02 ) + 6 H 2 O ^ 3CaO • Si 02 • 3 H 2 O + 3 Ca(OH )2 
Di-calcium silicafe : 2(2CaO • Si02) + 4 H 2 O ^ 3CaO ■ Si02 ■ 3 H 2 O + Ca(OH )2 
Tri-calcium aluminafe : 3CaO • AI 2 O 3 + 6 H 2 O ^ 3CaO • AI 2 O 3 • 6 H 2 O + heaf 



Cemenf is suifable for inorganic wasfe sfabilizafion, especially heavy mef- 
als. Increasing fhe pH of wasfe by adding cemenf changes fhe form of fhe 
heavy mefals info insoluble hydroxides or carbonafe sails. In addifion, physi- 
cal microencapsulafion is also one of fhe main mechanisms for fixing fhe 
confaminanfs presenf in wasfe. 



Pozzolans 

A pozzolan is a maferial fhaf produces cemenf by reading wifh lime and 
wafer af ambienf femperafure. Mosf general pozzolanic maferials are 
obfained from fly ash, blasf furnace slack, and cemenf kiln dusf. Fly ash is 
fhe mosf common pozzolan, which mainly confains Si 02 , AI 2 O 3 , Fe 203 , CaO, 
and unburned carbon. Like cemenf, pozzolans can be applied fo fhe sfa- 
bilizafion of inorganic confaminanfs by creafing a high-pH environmenf. 
Wifh fly ash, lime or quicklime can be used fo enhance fhe sfabilizafion 
efficiency. 



Lime 

Lime, or calcium hydroxide Ca(OH) 2 , is mainly obfained from fhe hydrafion 
reacfions of maferials confaining calcium silicafe, calcium alumina, or cal- 
cium aluminosilicafes. Lime can be added fo increase fhe pH of wasfe, wifh 
ofher addifive, such as fly ash, providing fhe main sfabilizafion reacfions, 
which is besf suifed fo inorganic confaminanfs. 



Leaching Test 

A reducfion in fhe rafe of migrafion from confaminanfs info fhe environ- 
menf is fhe mosf imporfanf reason for using sfabilizafion fechniques. There 
are numerous leaching fesf mefhods available for fesfing fhe leachabilify of 
sfabilized maferials. Leaching fesfs may be conducfed fo provide fhe basis 
for regulafion, for fhe generafion of dafa fo model confaminafion migrafion. 
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or to understand the basic mechanism of stabilization. Due to these different 
purposes, different test methods have been developed. There are several fac- 
tors that can affect the concentration of leachafe: 

• Specific surface area of wasfe 

• Volumefric rafio of leachanf fo wasfe 

• Type and properfies of leachanf 

• Confacf fime 

• Agifafion 

• Temperafure 

The exfracfion procedure foxicify fesf (EP TOX), foxicify characferisfic 
leaching fesf (TCLP), synfhefic precipifafion leaching procedure (SPLP), 
equilibrium leach fesf, sequenfial leach fesf, and mulfiple exfracfion proce- 
dure are widely used fo fesf leachabilify. 



Arsenic Stabilization 
Cement/Lime/Fly Ash 

In soil treated by a stabilizing agent containing Ca ions, such as Portland 
cement, lime, or fly ash. As stabilization is mainly controlled by the forma- 
tion of insoluble Ca-As precipitates. It is suggested that the precipitation of 
Ca3(As04)2 As (V) and CaHAsOj controls the stabilization of As in contami- 
nated soils (Dutre and Vandecasteele 1995, 1998, Dutre et al. 1999). 

As(V) precipitation can be expressed by the following equations: 

3Ca^" + 2H3ASO4 + 4H2O ^ Ca3(As04)2 -4H20(,) + 6H" 

5Ca"" + 3H3ASO4 + H2O ^ Ca5(As04)3(OH)(s) + lOH" 



Ca^* + H3ASO4 + H2O ^ CaHAs 04 • H20(s) + 2H* 
As(III) precipitation can be expressed by the following equation: 
+ H3ASO3 + H2O ^ CaHAsOs • H20(s) + 2H^ 



The oxidation state of arsenic is an important factor in controlling the leach- 
ability of arsenic from stabilized waste because As(III) is more mobile and 
toxic than As(V). Due to its higher mobility, As(III) is easily leached from 
stabilization-treated waste. For example, 95% of the total leached arse- 
nic fraction after stabilization of arsenic baring fly ash waste was As(III) 
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(Dutre and Vandecasteele 1995). In addition, Dutre et al. (1999) concluded 
that oxidation of As(III) waste before sfabilizafion info As(V), using H2O2, 
decreases fhe leaching of arsenic from fhe sfabilized producf because fhe 
calculafed solubilify of fhe Ca3(As04)2 precipifafe is lower fhan fhaf of fhe 
CaHAsOj precipifafe. Arsenic can also be sfabilized by ofher minor mech- 
anisms, such as physical encapsulafion and chemical inclusion. Physical 
encapsulafion can be achieved by creafing a solidified monolifh whereas 
chemical inclusion is fhe incorporafion of arsenic in a binder hydrafion 
producf by isomorphous subsfifufion (Dermafas ef al. 2004). Yoon ef al. 
(2010) conducfed a sfudy on fhe sfabilizafion of arsenic in confaminafed 
soil using Porfland cemenf and cemenf kiln dusf. The Porfland cemenf and 
cemenf kiln dusf were added info fhe As-confaminafed soil wifh dosed 
ranges of 10-30 wf% and 20-50 wf%, respecfively. Sfabilized soils were 
cured for 1, 7, and 28 days, followed by exfracfion wifh 1 N HCl fo defermine 
if fhe freafed soils were suifable for disposal. The resulfs of fhe sfabilizafion 
using Porfland cemenf and cemenf kiln dusf are presenfed in Figure 21.2. 
For arsenic, as presenfed in Figure 21.2a, fhe concenfrafions in confami- 
nafed soil exfracfed using 1 N HCl gradually decreased on increasing fhe 
dose of Porfland cemenf compared wifh fhe confrol arsenic concenfrafion 
of approximafely 130mg/L. When 30% Porfland cemenf was added, fhe 
arsenic removal efficiency and final pH were significanfly increased. The 
lowesf arsenic concenfrafion wifh a 20wf% dose was 42.8 mg/L affer 28 
days of curing and less fhan 2.44 mg/L affer 1 day of curing. When cemenf 
kiln dusf was added fo fhe soil, a gradual decrease in fhe concenfrafion of 
arsenic was also observed (Figure 21.2b). In addifion, when 50% cemenf 
kiln dusf was added fo fhe sample, a sharp increase of arsenic removal was 
observed, wifh a pH similar fo fhaf wifh Porfland cemenf. Increasing fhe 
pH wifh regard fo fhe arsenic removal efficacy indicafes fhaf pH has a pre- 
vailing influence on arsenic mobilify. The mechanism of sfabilizafion was 
invesfigafed using fhe sfep-scanned x-ray diffracfion (XRPD) pafferns. The 
XRPD pafferns from fhe As(III) and As(V) freafed by Porfland cemenf and 
cemenf kiln dusf are shown in Figure 21.3. From fhe resulfs of fhe XRPD, 
if was concluded fhaf fhe precipifafion of As(III) as calcium arsenife (Ca- 
As-O) and As(V) as NaCaAs04-7.5H20 significanfly confrolled fhe immo- 
bilizafions of As(III) and As(V). 



Iron (hydr)oxides 

Several ferric (hydr)oxides are widely used as adsorbenfs for fhe removal 
of arsenic from aqueous solufions or confaminafed soils. For poorly crys- 
falline iron oxyhydroxides and iron oxide minerals in aqueous solufion, 
fhe kinefics and equilibrium of arsenic sorpfion, as well as fhe factors 
affecfing fhe sorpfion behavior, have been sfudied (Ford 2002, Zeng 2003, 
Richmond ef al. 2004, Zhang ef al. 2004). In addifion, iron salfs, wifh or 
wifhouf pH buffering, iron oxyhydroxides, and FeOOH have been added 
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FIGURE 21.2 

As concentration and pH after KST method for (a) PC and (b) CKD treatments after 1, 7, and 28 
days of curing. (From Yoon, I.H. et al., /. Environ. Manag., 91(11), 2322, 2010.) 



to arsenic contaminated soil to prevent arsenic immobilization via chem- 
ical fixation (Moore et al. 2000, Garcia-Sanchez et al. 2002, Warren and 
Alloway 2003). 

The main mechanism for As stabilization using iron (hydr)oxide is 
adsorption. For example, Jain et al. (1999) suggested As(III) and As(V) 
adsorption onto ferrihydrite from fheir sfudy of surface charge reduc- 
tion and net OH~ release (Jain et al. 1999). Table 21.3 indicates the adsorp- 
tions of As(III) and As(V) at pH 4.6 and 9.2. The predominant species of 
As(V) at these pHs are H 2 ASO 4 and HAsOl” and that of As(IlI) at same 
pHs are H 3 ASO 3 and a mixture of H 3 ASO 3 and H 2 ASO 3 , respectively. 
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FIGURE 21.3 

XRPD patterns of 10 wt% (a) As(III) and (b) As(V) stabilized by Portland cement and cement 
kiln dust aged for 24h. (From Yoon, I.H. et al., /. Environ. Manag., 91(11), 2322, 2010.) 



The functional groups shown in Table 21.3 are only A-type Fe-OH 2 and 
Fe-OH bound to a single structural Fe via ligand exchange reactions. 
Both Fe-OH 2 and Fe-OH exist in appreciable concentrations at pH 4.6, 
and Fe-OH dominates at pH 9.2. The surface OH 2 and OH~ groups are 
bonded in a bidentate edge-sharing complex (Fe- 02 -As) or corner-sharing 
complex ((Fe-0)2-As). 

Iron can also form insoluble iron-arsenic compounds, such as FeAs 04 - The 
amorphous ferric arsenate (FeAsOJ and scorodite are an insoluble As(V) 
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TABLE 21.3 

Possible Reactions of Adsorption of As(III) and As(V) by Ferrihydrite 
As (III) at pH 4.6 Fe - + HjAsOK ^ Fe - OAs(OH) 2 ]“'^" 

Fe - + HjAsOK ^ Fe - 0 (H)As( 0 H) 2 ]"'^" 

Fe - + HjAsO? ^ Fe - OAs(OH) 2 ]‘^'" 

Fe - + HjAsO!! ^ Fe - 0 (H)As( 0 H) 2 ]*'^" 

Fe I ( 0 H 2 ) 2 ]*' + HjAsO!! ^ Fe 1 02 (H )2 AsOH]*' 

Fe I ( 0 H 2 ) 2 ]*' + HjAsO? ^ Fe 1 02 (H)As 0 H]" 

Fe I ( 0 H 2 ) 2 ]*' + HjAsO? ^ Fe | O 2 ASOH]-' 

Fe I ( 0 H 2 )( 0 H)]“ + H 3 ASOK ^ Fe 1 02 (H )2 AsOH]"^ 

Fe I ( 0 H 2 )( 0 H)]“ + H 3 ASOK ^ Fe 1 02 (H)As 0 H]“ 

Fe I ( 0 H 2 )( 0 H)]“ + H 3 AsO§ ^ Fe | O 2 ASOH]-' 

Fe I ( 0 H) 2 ]-' + H 3 ASOK ^ Fe 1 02 (H) 2 As 0 H]*' 

Fe I ( 0 H) 2 ]‘‘ + H 3 ASOK ^ Fe 1 02 (H)As 0 H]“ 

Fe I ( 0 H) 2 ]-‘ + HsAsOSJ ^ Fe | OjAsOHJ-i 
As (III) at pH 9.2 Fe - OH]“'^" + H 2 AsOi + HjAsO? ^ Fe - OAs(OH) 2 ]‘'''^ 

Fe - OH]-'^" + H 2 AsOi + HjAsO? ^ Fe - 0As(0)(0H)]-"^" 
Fe I ( 0 H) 2 ]-' + H 2 As 03 “ + HjAsOSJ ^ Fe 1 02 (H)As 0 H]“ 

Fe I ( 0 H) 2 ]-' + H 2 As 03 ‘ + HjAsOiS ^ Fe | OjAsOH]"' 

As (V) at pH 4.6 Fe - OH 2 ]*^'^ + H 2 ASOI ^ Fe - 0 As( 0 )( 0 H) 2 ]'''" 

Fe - 0 H 2 P'^" + HjAsOl ^ Fe - 0 As( 0 ) 2 ( 0 H)]-=’/" 

Fe - OH]-'^" + H 2 AsOi ^ Fe - 0 As( 0 )( 0 H) 2 ]‘'^" 

Fe - OH]-'^" + H 2 AsOi ^ Fe - 0 As( 0 ) 2 ( 0 H)]-"^" 

Fe I ( 0 H 2 ) 2 ]*' + H 2 ASOI ^ Fe 1 02 As( 0 H) 2 ]“ 

Fe I ( 0 H 2 ) 2 ]*' + H 2 ASOI ^ Fe 1 02 As( 0 )( 0 H)]“' 

Fe I ( 0 H 2 )( 0 H)]“ + H 2 AsOi ^ Fe 1 02 As( 0 H) 2 ]“ 

Fe I ( 0 H 2 )( 0 H)]° + H 2 AsOi ^ Fe 1 02 As( 0 )( 0 H)]-' 



(continued) 
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TABLE 21.3 (continued) 

Possible Reactions of Adsorption of As(III) and As(V) by Ferrihydrite 
Fe I (0H)2]“^ + HjAsOl ^ Fe | OjAslOHj)]" 

Fe I (0H)2]‘^ + H 2 AsOJ ^ Fe 1 02As(0)(0H)]‘' 

As (V) at pH 9.2 Fe - OH] + HAsO^ ^ Fe - 0As(0)2(0H)]“"^^ 



Fe - OH] -1/" + HAsOi" ^ Fe - OAsfOla]'"^" 

Fe I (0H)2] ■' + HAsO^ ^ Fe 1 02As(0)(0H)]“^ 
Fe I (0H)2] ■' + HAsO^ ^ Fe 1 02As(02)]'^ 
Source: Jain, A. et al.. Environ. Sci. TechnoL, 33(8), 1179, 1999. 



phase in mine tailings and play a significant role in limiting the release of 
As from tailings to the environment (Langmuir et al. 2006). In the work of 
Langmuir et al., the solubility product of scorodite was established with 
regard to the As and Fe concentrations (Figure 21.4). The decreasing solubil- 
ity product of scorodite with increasing pFI and Fe/As ratio can increase the 
fraction of As released into water. 




FIGURE 21.4 

The solubility of scorodite in terms of As (upper solid line) and Fe (lower solid line). (From 
Langmuir, D. et al., Geochim. Cosmochim. Acta, 70(12), 2942, 2006.) 
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Field Application of the Stabilization 
Stabilization of Arsenic in Mine Tailings 

Stabilization techniques are considered the best treatment method for mine 
tailings. Because mine tailings contain extremely high amounts of arsenic 
geometrically, other treatments cannot reduce the teachability of arsenic 
as well as stabilization. Many studies have been conducted using the sta- 
bilizing agents introduced earlier, such as Portland cement, fly ash, lime, 
or iron oxyhydroxides. As an example of field application, arsenic stabiliza- 
tion using magnetite nanoparticles was applied to Samgwang mine tailings 
in Korea. 

Samgwang mine has 226,467 m^ of mine tailings that are highly contami- 
nated with arsenic, cadmium, and lead. The total arsenic concentration of 
the mine tailing is approximately 20,000 mg/kg, which is extremely high 
compared with common soil (1-40 mg/kg). However, the arsenic extracted 
by TCLP solution was around 1 mg/kg, indicating the amount of weakly 
bonded arsenic was relatively lower than that allowed by the regulations 
(5 mg/kg). 

In order to enhance the surface area and mobility of mine tailings, synthe- 
sized magnetite nanoparticles were injected using the Jumbo Special Pattern 
(JSP) method, as shown in Figure 21.5 (Sheen 2001). 




FIGURE 21.5 

Jumbo special pattern method. (From Sheen, M.S., Ground Improv., 5(4), 155, 2001.) 
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The resulting stabilization using the synthesized magnetite (iron/mine 
tailings ratio of 0.335% and 0.670%) for 28 days is shown in Figure 21.6. 
Figure 21.6a indicafes fhaf fhe arsenic concenfrafions in fhe mine failings 
leached by pFi 5.8 DI wafer were significanfly reduced. Affer 1 day of sfa- 
bilizafion, more fhan 90% of fhe As was sfabilized for bofh 0.335% and 
0.670% iron/mine failings rafios and was sfable affer 28 days. The differ- 
ence in fhe arsenic freafmenf efficiencies wifh differenf iron/mine failings 




FIGURE 21.6 

As concentrations in mine tailings for 28 days of stabilization leached by (a) pH 5.8 Dl water 
and (b) TCLP solution. 
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ratios was not significant. The arsenic concentration leached by the TCLP 
solution (Figure 21.6b) indicated relatively low arsenic stabilization effi- 
ciency compared wifh pH 5.8 DI wafer. The sample freafed using magne- 
fife wifh a 0.335% iron/mine failings rafio had 45% arsenic sfabilizafion 
efficiency affer 3 days and sfable unfil 28 days of freafmenf. In fhe use 
of magnefife wifh a 0.670% iron/mine failings rafio, fhe efficiency con- 
finuously increased and reached 60% affer 7 unfil 28 days. The maximum 
sfabilizafion efficiency was 45% and 62% af fhe iron/mine failings rafio of 
0.335% and 0.670%, respecfively. As a resulf of fhe field applicafion fesf, 
synfhesized magnefife was shown fo have high As freafmenf efficiency 
and, fherefore, was considered a good sfabilizing agenf, especially from 
fhe resulfs for exfracfion by pH 5.8 DI wafer. 



Stabilization of Arsenic in Soil 

Sfabilizafion is one of fhe besf remediafion fechniques for fhe reuse of confam- 
inafed soil. However, fhe applicafion of arsenic sfabilizafion in soil is harder 
fhan fhaf for base mefals due fo fhe unique geochemical behavior of arsenic. 
The choice of addifives is an imporfanf facfor for arsenic sfabilizafion in soil. 

In order fo measure fhe soil characferisfics, soil samples were collecfed 
from fhe Chungyang area, where abandoned Au-Ag mines are locafed. The 
pH of fhe soil samples was 5.07, and fhe soil fexfure was silf loam (sand 33%, 
silf 63%, clay 4%). The CEC value and LOI were 19.8 meq/100 g and 25.6%, 
respecfively. From fhe resulfs of fhe SPLP and TCLP fesfs, fhe arsenic con- 
cenfrafions in fhe sfudied soil were 0.23 and 1.14 mg/kg, respecfively. These 
resulfs show a lower value for fhe TCLP fhan fhaf proposed by fhe U.S. EPA 
(5 mg/kg). The fofal arsenic concenfrafion via aqua regia digesfion of fhe 
soil was 145 mg/kg, which was significanfly higher fhan fhe normal level 
proposed by Bowen (1979). From fhe sequenfial exfracfion resulfs, approxi- 
mafely 50% of fhe arsenic measured was in fhe easily mobile fracfion via 
sfeps I and II. This resulf suggesfed fhaf fhe major forms of arsenic in fhe soil 
samples would be easily exfracfed and fransferred from soil fo fhe wafer- 
planf sysfem. Rice grain samples were collecfed and fhe arsenic concenfra- 
fion measured fo evaluafe fhe correlafion befween fhe soil and rice grain 
arsenic levels. The arsenic concenfrafions in fhe rice grains ranged from 0.07 
fo 0.59 mg/kg, wifh an average of 0.19 mg/kg in sfudied area. The rice grains 
culfivafed in highly confaminafed soil confained higher concenfrafions of 
arsenic. This resulf indicafes fhaf arsenic can move from soil fo rice grains, 
and soil confaminafion can lead fo planf confaminafion. 

A field sfudy on fhe sfabilizafion of arsenic in confaminafed soil was per- 
formed using fwo fypes of addifives: limestone and mine sludge collecfed 
from an acid mine drainage (AMD) freafmenf sysfem. The mine sludge was 
fhe by-producf of AMD freafmenf, for which fhe oxidized iron compounds 
were idenfified by XRD analysis (Figure 21.7). Figure 21.8 shows fhe pH 
variafion in fhe pore wafer collecfed from fhe field experimenfal plof affer 
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FIGURE 21.7 

XRD patterns of mine sludge. 




FIGURE 21.8 

pH variation in pore water from field experimental plot (a) 0.3 m depth and (b) 0.8 m depth. 
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(b) Time (days) 



FIGURE 21.9 

Arsenic concentration in pore water from field experimental plot (a) 0.3 m depth and (b) 0.8 m 
depth. 



stabilization. The pH was 7.0 ± 0.5 in all experimental plot pore waters at 
depths of 0.3 and 0.8 m indicating that the pH of fhe pore wafer was nof 
increased by fhe lime stone and mine sludge addifives. However, differenf 
arsenic concenfrafions were observed wifh fhe fwo addifives (Figure 21.9). 
Limestone showed low sfabilizafion effecfs af bofh depfhs. The arsenic con- 
cenfrafion in fhe pore wafer on fhe addifion of mine sludge was slighfly 
higher fhan fhe confrol af a depfh of 0.3 m buf fhe lowesf arsenic value was 
observed af a depfh of 0.8 m from mine sludge plof. 



Summary 

Sfabilizafion is a remediafion technique fhaf reduces fhe mobilify and foxicify 
of hazardous confaminanfs in soil using addifives. Sfabilizafion is regarded 
as one of fhe mosf effecfive and efficienf mefhods for fhe immobilizafion of 
confaminanf in waste. 
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Stabilization can be achieved by adsorption and co-precipitation between 
additives and contaminants. Hence, it is important to know the characteris- 
tics of both the additives and contaminants. Also, the choice of addifives is an 
imporfanf factor for sfabilizafion. There are many addifives fhaf can be used 
for sfabilizafion, such as cemenf, pozzolan, lime, fly ash, and iron (hydr)oxide. 
In fhe case of arsenic sfabilizafion, several ferric (hydr)oxides are widely used 
as adsorbenfs for fhe removal of arsenic from aqueous solufions or confami- 
nafed soils. For poorly crysfalline iron oxyhydroxides and iron oxide minerals 
in aqueous solufion, fhe kinefics and equilibrium of arsenic sorpfion, as well 
as fhe factors affecfing fhe sorpfion behavior, have been sfudied. 
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Introduction 

Soil concentrations of metals and arsenic (As) elevated above background 
levels have raised considerable concern in restoration projects, particularly in 
the context of potential risks to human health. Certainly, there is no shortage 
of available regulatory documentation and guidance. Routes of transfer of 
pollutants from soil to receptor are the most critical part of risk assessment, 
but the extent to which bioavailability of metals and As is considered is vari- 
able. When taken into account, predictors and assays of lability, mobility, 
and bioavailability are well known to be of restricted efficacy in predicting 
uptake and impact on biota, largely due to differing soil types and envi- 
ronmental conditions. This means that broad generalizations and accurate 
interpretation of the risks posed by elevated and potentially toxic soil trace 
elements in soils are difficult, requiring consideration on the basis of each 
particular trace element, site, and environmental conditions. It also raises 
concern because expensive and inappropriate risk-based decisions may be 
taken to remove potential risk, for example, involving extensive but unnec- 
essary site engineering. Indeed, justification and securement of funding for 
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restoration or remedial actions may be entirely driven by mitigation of risk 
which itself is informed by a misguided inferprefafion of science. 

Remedial acfions have moved from dig-and-dump or concealmenf, fo 
physicochemical ameliorafion, phyfomanagemenf, and monifored nafural 
affenuafion (CL:AIRE 2008). The cosfs of fhese more modern remedial acfions 
and fechnologies offen represenf only a small f racfion of sife engineering cosfs 
and can be jusfified on fhe basis of (1) fhe resforafion of land and properly 
values or (2) fhe esfablishmenf of safe and accessible green space (reserves 
or gardens) for urban dwellers. Restored land and green space creates a safe 
and healfhy environment providing improved biodiversify and provision of 
ecosystem services. We quesfion whefher fhese frequenfly defined buf sel- 
dom quanfified aspirafional oufcomes are realisfic. Based on a selecfion of 
case sfudies, fhis paper considers whefher elevated frace elemenfs do presenf 
a significanf risk in fhe urban environmenf and whaf benefifs are achieved 
following concerted sife resforafion. We focus, in parficular, on one recenfly 
complefed resforafion projecf in which a confaminafed canal sedimenf and 
adjacenf indusfrial land was converfed fo an urban nafure reserve. 



Bioavailability 

Using a mefa-analysis of 12 agriculfural soils confaminafed by 4 mefals for 
differenf periods of fime up fo 13 years. Black (2010) showed fhaf consid- 
erable differences existed befween 6 differenf esfimafes of bioavailabilify 
(Table 22.1). All of fhe dafa referred fo predicfion of upfake info wheaf and 
ryegrass. White Ca (NOj )2 provided reliable esfimafes of Zn and Ni upfake, 
a range of befween only 46% and 84% could be explained by fhis exfracfanf 

TABLE 22.1 

Coefficients of Variation (r^) Ranges for Six Measures of Metal 
Bioavailability“ versus Uptake into Wheat Seedling or Pasture Ryegrass, 
and the Best Predictors of Uptake in Each Case 





Cd 


Cu 


Ni 


Zn 


n 


Wheat seedlings 


0.13-0.63 


0.27-0.34 


0.53-0.71 


0.46-0.66 


335-502 


Best predictor 


EDTA 


Pseudo-total 


Ca(N03)2 


Ca(N 03)2 




Pasture ryegrass 


0.37-0.70 


0.21-0.45 


0.51-0.84 


0.46-0.68 


236-325 


Best predictor 


Rhizon 


Pseudo-total 


Ca(N03)2 


Ca(N03)2 




All data combined 


0.20-0.49 


0.27-0.34 


0.56-0.72 


0.49-0.64 


538-754 


Best predictor 


DGT 


Pseudo-total 


Ca(N03)2 


Ca(N03)2 





Data are from studies on 12 soil types in New Zealand, between 6 months and 
13 years after spiking and application of biosolids (2.3%-9.8%C, pH 5. 1-6.1). 

® Pseudo-total (HNOj-extractable), EDTA, Ca(N 03 ) 2 , Rhizon soil moisture samplers, 
DGT, Free ion activity (WHAM). 
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for either plant species. The best explanation of Cd uptake was obtained 
using EDTA (63%) or rhizon samplers (70%), but when data were combined 
for both plant species, only 49% of the variability was explained by the best 
method (DGT). No single method could predict uptake of Cu with these 
efficiencies. Of course, the scientific explanation is that pH, organic matter, 
and other physicochemical variables also partially determine the uptake of 
metals. Furthermore, biotic variables play a role, as illustrated by the differ- 
ence in how well these techniques reflect uptake in the two species of grasses 
(Figure 22.1). Other less closely related species would be likely to respond to 
the four metals in yet different ways. 

In terms of restoration of contaminated urban soils, phytotoxic concen- 
trations of Cu, Zn, and Ni are of less concern where human health is the 
main priority. However, enhanced uptake of the more zootoxic metal Cd 
through food chains could compromise animal or human health (Alloway 
1990, Rodrigue et al. 2007); Cd is highly mobile in environmental media 
and biological tissues (Dickinson and Pulford 2005). Other less mobile ele- 
ments, particularly Pb and As, frequently present concern in soils polluted 
by industrial and urban fallout; both of these elements are potentially haz- 
ardous to human health (Hamilton 2000, Datta and Sarkar 2005, Hooker and 
Nathanail 2006). An urban town and woodland subjected to aerial fallout 
from too years of Cu, Cd, Zn, and Pb processing at Prescot, United Kingdom, 
was found to present very limited risk to biota or human health (Dickinson 
et al. 1996). The limited risk was largely due to very restricted pathways that 




0.001 -1 , , , , , ^ , 

10 “^ 10 “^ 10 “^ 10 “^ 10 “^ 10 ® 10 ^ 10 ^ 10 ^ 



Ca(N 03)2 Cd (mg/kg) 



FIGURE 22.1 

Relationship between uptake of Cd by wheat seedlings (O) and pasture ryegrass (a) and 
CalNOjlj extractability of Cd from soil. (From Black, A., Bioavailability of cadmium, copper, 
nickel, and zinc in soils treated with biosolids and metal salts, PhD thesis, Lincoln University, 
Lincoln, New Zealand, 2010.) 
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would allow human ingestion of metals. Another site, a former chemical 
waste dump adjacent to a residential area in St. Helens, United Kingdom, 
had been converted to a recreational park land, and was found to contain 
elevated arsenic (As) in surface soil at concentrations 200 times higher than 
soil-guideline values. Despite this, the existing vegetation cover was appar- 
ently healthy and was likely to minimize re-entrainment of dust-blown par- 
ticulates that presented the only potential risk to human health. In this case, 
the results of extensive detailed study suggested it was advisable to avoid 
disturbance and exposure of soil surface, and compost and phosphate appli- 
cation that may result in the solubilization or mobilization of As (Figures 
22.2 and 22.3). Otherwise, in terms of management of the site, the effective- 
ness of monitored natural attenuation and the feasibility of reliance on phy- 
tostabilization for long-term management were demonstrated to be quite 
adequate. 

A number of other studies have similarly demonstrated the importance of 
understanding the significance of bioavailability in the context of sustain- 
able rehabilitation of metal-contaminated brownfield land. This is initially 
reflected in the effectiveness of natural vegetation processes in withstand- 
ing and ameliorating potential toxicity. Rawlinson et al. (2004) found that 
metal contamination did not limit vegetation establishment in field trials at a 









□ Water ■ Sodium bicarbonate (0.5 M) 

IS Sodium hydroxide (0.1 M) □ Hydrochloric acid (1 M) 

Q Nitric acid (14 M) 



FIGURE 22.2 

Arsenic fractionation in an industrially contaminated soil amended with green waste compost 
(30% v/v), using the method of Shiowatana et al. (2001). (From Hartley, W. et al.. Environ. Pollut., 
157, 847, 2009.) 
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Soil treatment 



FIGURE 22.3 

Change in As mobility as affected by phosphate addition (4000 mg/kg) to an industrially As 
contaminated soil. (From Hartley, W. et al.. Environ. Pollut., 157, 847, 2009.) 



range of urban brownfield sites, despite previous identification of pollutants 
and concerns about contamination. Attenuation of metal and As toxicity has 
been demonstrated under various types of planted and natural vegetation 
(French et al. 2006, King et al. 2006, Clemente et al. 2008). An industrially con- 
taminated site in North-West England (Lepp and Dickinson 2003) was one 
of the most contaminated sites reported (3,238 mg Cu kg 56,250 mg Pb kg ^ 
and 15,530 mg Zn kg ^) but a woodland established on the site over a 50 year 
period, with no evidence of phytotoxicity in the vegetation; only Zn was sig- 
nificantly bioavailable. The site had stabilized, with minimal transfer of toxic 
metals (Pb) to the biotic community. In this case, there was very little public 
access to the woodland, reducing the possibility of direct transfer from soil 
to humans. 



Case Study 

An example of a brownfield restoration project to evaluate in the context of 
this chapter is a recently completed U.K. £1.25 M restoration project of brown- 
field land and a contaminated canal in Warrington, North-West England. 
The site is being redeveloped into an urban ecology park, creating a green 
corridor and a demonstration site for remediation techniques, with public 
recreational access (Eigure 22.4). The justification of the project was the man- 
agement of contamination risk, based on earlier published scientific research 
(King et al. 2006) combined with the benefits of public access and amenity 
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FIGURE 22.4 

Case study. The regeneration of a contaminated canal and brownfield land site to create an 
urban ecology park. 




FIGURE 22.5 

The brownfield restoration site, outlined with derelict canal shown beneath (www.google. 
com). 



use of the land within an urban residential area. Approximately 6.4 ha of 
brownfield land consists of former industrial land, a landfill site, and a sec- 
tion of derelict canal (Figure 22.5). 

The derelict canal contained sediment consisting of a wet, black, odorous 
and oily mud, approximately 1. 5-1.7 m deep. This contained a wide range of 
elevated contaminants (Table 22.2) that were largely immobile in the anoxic 
conditions and stable pH (about 5.7) of the sediment. However, the canal 
and embankments did support a rich diversity of vegetation, invertebrates, 
and nesting birds (Figure 22.6). Once exposed to the atmosphere, the chem- 
istry of the sediment changes and contaminants become extremely mobile; 
bioavailable metal(loid)s then account for as much as 40% of the total con- 
centrations. The driver for the project was largely based on the fact that the 
canal has become derelict and the sediment is drying out, thus potentially 
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TABLE 22.2 

Mean Pseudo-Total (HNOj-Extractable) 
Concentrations of Trace Elements in 
Soil at One Location on the Warrington 
Brownfield Site and in the Canal 
Sediment (mg/kg) 





Brownfield Site 


Canal Sediment 


As 


37 


145 


Cr 


40 


1315 


Cd 


4.3 


<1 


Ni 


38 


102 


Zn 


172 


4858 


Pb 


179 


1887 


Cu 


83 


887 




FIGURE 22.6 

The canal before and after engineering work. 



providing a pollution linkage to receptors (groundwater contamination 
and entrainment of airborne dust particulates). Adjacent brownfield land 
confained mean frace elemenf concenfrafions fhaf were only marginally 
elevafed (Table 22.2), alfhough spafial pafferns were heferogeneous wifh 
localized hofspofs of frace elemenfs (Figure 22.7) as usually found on 
brownfield land (French ef al. 2006). 

The resforafion work involved exfensive engineering of fhe canal, which 
was narrowed fhrough dredging, sfabilizafion, and relocafion of fhe sedi- 
menf fo fhe edges of fhe canal basin, refained by geofexfile-lined gabions, 
and covered by recycled soil forming maferials, including green wasfe 
composf (Figure 22.4). A wafer flow was creafed in fhe new open wafer 
secfion of fhe narrowed canal and an arfificial wefland was esfablished fo 
receive downsfream oufflow. Flabifaf improvemenf of fhe adjacenf brown- 
field land was resfricfed fo raised walkways and some imporf of green 
wasfe composf. The projecf was complefed in 2010 buf if may be too early 
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FIGURE 22.7 

Spatial dispersion of As and Cr in surface soil at the brownfield site at the location same loca- 
tion referred to in Table 22.2. Different shading categories are arbitrary and operationally 
defined using ArcView GIS 3.2; spatial interpolation of inverse distance weighted (IDW) was 
applied with 12 neighboring samples for estimation of each grid point. Maximum As values 
(darkest shading) in the range of 75-85 mg/kg. Maximum Cr values (darkest shading) in the 
range of 60-70 mg/kg (not drawn to scale). 




FIGURE 22.8 

Contaminated sediment from the canal being dredged and deposited behind gabions, before 
sealing with geotextile and coverage with recycled wastes. 



to comment on the success and measurable outputs of this substantial 
and costly remediation effort (Figure 22.8). It would, however, appear to 
be appropriate to question whether the remediation effort was justifiable 
and will the aspirational outcomes become a reality. Firstly, in terms of 
reducing risk and the consequences of not taking remedial action. As the 
sediment continued to dry with an increasing period of derelicfion, would 
mobilify of potentially toxic trace elements have become of increasing con- 
cern to human health or nature conservation? Secondly, is there likely to 
be a marked improvement of the nature conservation value of the brown- 
field land site or the canal in the longer term? It is quite possible that this 
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case study represents an unrealistic template for best restoration practice 
on brownfield land. 



Habitat Creation on Brownfield Land 

Natural regeneration is a valid and viable alternative to conventional habi- 
tat creation practices; the potential exists for a high diversity of habitats 
and plant species to become established virtually anywhere on almost 
any substrate, including former agricultural land and industrial land 
(Garbutt and Wolters 2008). Crook (2008) argued that a great deal of time, 
money, and effort is wasted in habitat creation in development schemes 
and environmental projects, with many projects having limited success or 
failing totally due to poor planning and design, overambition, or neglect. 
Instead, many sites revert to the vegetation that would have developed 
naturally had nothing been done in the first place. He recorded 48 species 
of less-common vascular plants and 34 NVC (UK National Vegetation 
Classification) plant communities recorded on derelict or unmanaged 
land in the United Kingdom during a five-year period. These plants were 
mostly associated with long-established semi-natural habitat, yet had 
arisen by mostly natural means without any land preparation, manage- 
ment, or control of invasive species. Crook (2008) argues that Habitat 
Priming or Precursive Habitat Creation is likely to be the most effective 
restoration option for habitat creation: this involves sparsely seeding the 
site with a low diversity of suitable (i.e., non-aggressive/invasive) "nurse" 
species together with wide-spaced tree and shrub planting, and then sim- 
ply allowing natural regeneration. 



Conclusions 

Risk management relies on avoiding a linkage or pathway to receptors, 
largely referring to direct or indirect transfer to humans. This chapter has 
questioned whether greening of polluted urban land raises or lowers the 
risk of contamination (i.e., causing harm). Advances in scientific research 
have provided an understanding of the impacts of elevated inorganic pol- 
lutants in soils. We now largely understand the physicochemical condi- 
tions that determine bioavailability and mobility of metals and As, even 
though this is frequently difficult to express in terms of single measures 
of bioavailability This has meant that risk assessment is still entwined 
with total concentrations of metals and arsenic, and worst-case scenarios 
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of exposure. This can be wasteful in terms of site redevelopment, greening, 
and human usage of brownfield land. The cited case studies point to a 
natural resilience of the ecological component that tends to stabilize or 
reduce potential toxicity pathways. Solutions involving engineering, major 
land disturbance, intensive landscaping, and vegetation establishment are 
expensive. Furthermore, environmental engineering solutions frequently 
delay site redevelopment and may be wasteful, unnecessary, and counter- 
productive. Longer-term success is frequently compromised by a lack of 
after-management of the restored or remediated site. More sensitive and 
less costly management of natural regeneration, natural succession, and 
normal ecological processes may provide more effective risk minimiza- 
tion and a better solution for brownfield land. In some situations, minimal 
intervention may be the most ecologically beneficial form of management 
of contaminated land, presenting both negligible risk to human health and 
benefits to nature conservation. 
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